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1 . 0  PREFACE 


The  present  study  was  conducted  under  contract  to  the 
U.  S.  Coast  Guard  to  compare  test  methods  that  can  be  used  to 
characterize  the  fracture  toughness  of  a  ship-steel  weldment 
having  a  low-toughness  region  in  the  heat-affected  zone  (HAZ) 
and  to  determine  which  of  the  methods  correctly  predicts  the 
effect  of  a  low-toughness  HAZ  on  structural  performance.  The 
material  chosen  for  this  investigation  was  an  A537  Class  1 
sulphide-shape-controlled  steel  welded  by  the  shielded-metal-arc 
(SMA)  and  submerged-arc  (SA)  processes  commonly  used  in  ship¬ 
building.  The  welding  parameters  and  steel  plate  were  the  same 
as  those  used  in  a  previous  program  conducted  by  MARAD/NBS  to 
produce  a  low- toughness  HAZ. 

The  fracture  toughness  was  characterized  by  using  the 
Charpy  test  specified  by  the  American  Bureau  of  Shipping  (ABS) 
as  well  as  the  nil-ductility- transition  (NDT) ,  5/8-inch  dynamic- 
tear  (DT) ,  plane-strain  fracture-toughness  (Kjc)  and  crack¬ 
opening-displacement  (COD)  tests.  To  compare  these  test  results 
with  service  performance,  full-thickness  surface-cracked  strap- 
tensile  (SCT)  specimens  containing  Tee  butt  welds  were  prepared 
hy  precracking  at  various  stress  levels  with  fully  reversed 
loading  (R=-l)  without  the  use  of  artificial  starter  notches. 
Both  fatigue-crack-initiation  and  propagation  data  were  obtained 
during  specimen  preparation.  Several  specimens  were  also  used 
to  assess  the  effect  of  a  low  service  temperature  (-60°F 
or  -51 °C)  on  the  fatigue-crack-initiation  behavior  of  the  weld¬ 
ments.  The  surface-cracked  specimens  were  then  tested  to 
failure  at  -60°F  at  an  initial  loading  rate  of  about  one  second 
to  maximum  load,  which  approximates  the  maximum  rate  measured 
during  "slamming"  conditions  of  a  ship. 

The  fatigue-crack-initiation  sites,  fatigue-crack 
path,  and  fatigue  strength  at  106  cycles  were  determined  for 
weldments  both  with  and  without  the  full  weld  reinforcement  and 
with  and  without  the  original  mill  plate  surface.  Fracture- 
mechanics  procedures  were  used  to  compare  the  service  behavior 
under  severe  operating  conditions,  as  estimated  from  results  of 
the  surface-cracked-weldment  test,  with  the  behavior  predicted 
from  the  various  fracture-toughness  tests  and  with  the  behavior 
expected  for  weldments  meeting  the  toughness  requirements  of  the 
current  ABS  Charpy  criterion  and  proposed  NDT-DT  criterion  of 
Rolfe.  Recommendations  are  made  and  further  research  is 
suggested  to  help  clarify  the  assessment  of  weldments  containing 
a  very-low-toughness  HAZ. 
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2 . 2  List  of  Abbreviations  and  Symbols 


a 


cct 


a/c 


BM 

c 


CCT 

COD 

COS 

CVN 

da/dN 

d ,  D 

DPH 

DT 

G 

HAZ 


Half  crack  length  for  a  center-cracked-tension  (CCT) 
specimen. 

Crack  depth  to  half  surface  crack  length  ratio  for  a 
semi-elliptical  surface  crack. 

Base  metal. 

As  a  subscript,  denotes  the  critical  value  of  K ^ 
corresponding  to  a  valid  test. 

Center-cracked-tension  (specimen) . 

Crack  opening  displacement  at  the  tip  of  a  crack. 

Crack  opening  stretch — the  critical  value  of  the 
COD  at  the  tip  of  a  crack. 

Charpy  V-Notch  (specimen) . 

Fatigue- crack  advance  per  cycle. 

As  a  subscript,  denotes  dynamic  loading  conditions. 
Diamond  Pyramid  Hardness. 

Dynamic  tear  (specimen) . 

As  a  subscript,  denotes  a  gross-section  parameter. 

Heat-affected  zone  (in  the  base  plate  of  a  weldment). 

As  a  subscript,  denotes  that  the  parameter  refers  to 
an  internal  crack. 


KjKj  The  plane-strain  stress-intensity  factor.  The  subscript, 

1  I,  denoting  tensile  loading  of  a  cracked  structure,  is 

sometimes  omitted  when  only  tensile  loading  occurs. 

Kf(max)  The  maximum  value  of  K  applied  during  fatigue  cracking. 

LNG  Liquified  natural  gas. 

N  As  a  subscript,  denotes  a  net-section  parameter. 

NDT  Nil  ductility  transition  (temperature) . 
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List  of  Abbreviations  and  Symbols 
(Continued) 

P  The  load  applied  to  a  specimen. 

PTC  Part- through-crack  (specimen) . 

Q  As  a  subscript,  indicates  that  the  value  of  the  parameter 

may  not  correspond  to  a  valid  result. 

R  Ratio  of  minimum  to  maximum  fatigue  stress. 

s  As  a  subscript,  denotes  that  the  parameter  refers  to 

a  surface  crack. 

SAW  Submerged  arc  weld. 

SMA  Shielded  metal  arc  (weld) . 

S-N  Stress  versus  number  of  cycles  (graph) . 

SSC  Sulfide  shape  control. 

T  COD  specimen  thickness. 

WOL  Wedge  opening  loading  (specimen) . 

y,ys  As  a  subscript,  value  corresponding  to  the  yield 

strength. 

A  Indicates  fluctuation  of  a  parameter. 

6  Symbol  sometimes  used  for  COD  or  COS . 

p  Notch- tip  radius, 

a  Stress. 

$  A  crack-shape  factor  derived  from  an  elliptical  integral 

used  when  calculating  K  values  for  elliptical  internal 
or  semi-elliptical  surface  cracks. 

0  An  integration  parameter. 
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3 . 0  SUMMARY  OF  FINDINGS 

A  study  was  conducted  to  assess  the  use  of  various 
toughness  tests  and  criteria  to  predict  the  fracture  behavior  of 
weldments  containing  a  low- toughness  heat-affected  zone.  The 
material  is  believed  to  be  atypical  of  steels  used  in  ships. 
Natural  fatigue  cracks  were  initiated  and  propagated  to  various 
sizes  in  1-inch-thick  A537  Class  I  steel  submerged-arc-welded 
(SAW)  and  shielded-metal -arc  (SMA)  butt-welded  Tee  joints  having 
various  weld-reinforcement  heights.  Thus,  the  crack  fronts  of 
these  surface-cracked  specimens  resided  in  the  various  regions 
of  the  weldments.  The  most  severe  loading  rate  and  temperature 
of  the  secondary  containment  shell  of  an  LNC  ship  were  simulated 
by  loading  the  fatigue-cracked  (surface-cracked)  specimen  to 
failure  at  an  intermediate  loading  rate  (about  1  second  loading 
time)  at  a  temperature  of  -60°F  (-51°C).  However,  the  specific 
relationship  between  tests  used  in  this  investigation  and  ser¬ 
vice  performance  was  not  studied.  The  results  from  the  fatigue- 
crack-initiation  ,  fatigue-crack-propagation,  and  fracture- 
toughness-behavior  tests  can  be  summarized  as  follows: 

3 . 1  Fatigue -Crack- Initiation  Behavior 

1)  The  fatigue  behavior  observed  for  all  the  SMA  and  SAW 
weldments  was  conservative  compared  with  the  American 
Association  of  State  Highway  and  Transportation  Offi¬ 
cials  ( AASHTO)  fatigue  design  specifications  for 
weldments.  The  fatigue  behavior  was  compared  with  the 
AASHTO  specifications  because  they  represent  one  of 
the  most  complete  and  recent  studies  of  the  fatigue 
behavior  of  welded  structural  components. 

2)  Both  the  SMA  and  SAW  weldments  had  approximately  the 
same  fatigue  strength  for  a  life  of  10®  cycles  when 
the  full  weld  reinforcement  or  any  portion  of  the 
reinforcement  was  left  in  place. 

3)  When  the  weld  reinforcement  and  a  portion  of  the 
undercut  region  were  removed,  the  fatigue  strength  of 
the  SAW  weldments  was  doubled,  whereas  the  fatigue 
behavior  of  the  SMA  weldments  remained  approximately 
the  same.  This  difference  in  behavior  occurred  even 
though,  for  both  types  of  weldments,  fatigue  cracks  no 
longer  initiated  on  the  specimen  surface  but  inter¬ 
nally  from  slag  or  porosity  near  the  bond  line  of  the 
welds . 
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4)  Analysis  of  the  fatigue  data  showed  that  the  imperfec¬ 
tions  causing  fatigue-crack,  initiation  had  initiation 
lives  similar  to  calculations  for  a  sharp  notch 
rather  than  a  crack;  thus,  the  fatigue  life  of  a 
specimen  consists  of  the  number  of  cycles  necessary  to 
sharpen  an  imperfection  and  propagate  the  crack  to 
failure . 

5)  The  incidence  of  fatigue-crack  initiation  at  the  weld 
toe  on  the  specimen  surface  was  neither  increased  nor 
decreased  near  the  Tee  intersection  of  the  longi¬ 
tudinal  and  transverse  butt  welds. 

6)  Fatigue  cracks  initiating  internally  in  smooth  speci¬ 
mens  taken  from  the  SAW  weldments  made  it  difficult  to 
discontinue  cyclic  loading  before  the  specimen  had 
completely  fractured.  This  behavior  was  caused  by  the 
rapid  increase  in  growth  rate  as  the  crack  size 
increased  and  by  the  rapid  increase  in  L K  when  a 
buried  fatigue  crack  becomes  a  surface  crack. 

7)  At  -60°F,  the  fatigue-crack-initiation  performance  of 
SAW  weldments  with  reinforcements  was  better  than  that 
at  room  temperature.  The  improvement  was  greater  than 
would  be  predicted  from  the  increase  in  yield  strength 
at  the  reduced  temperature. 


1)  Once  fatigue  cracks  initiated  and  grew  a  short  dis¬ 
tance  in  both  the  SMA  and  SAW  weldments,  they  tended 
to  propagate  perpendicular  to  the  direction  of  applied 
stress  rather  than  remain  in  a  particular  region  of 
the  HAZ. 

2)  Measured  crack-growth  rates  were  consistent  both  with 
estimates  made  by  using  fracture-mechanics  procedures 
and  with  published  data  available  for  f err ite-pearlite 
steels . 

3 . 3  Fracture  Behavior 

1)  Of  the  15  surface-cracked  specimens  tested  at 

-60°F  and  an  intermediate  strain  rate  to  simulate 
service  conditions,  one  near-plane-strain  brittle 
fracture  occurred.  This  fracture  was  classified  as 
brittle  because  the  net-section  failure  stress  was 
less  than  the  yield  strength,  the  fracture  toughness 
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was  a  "nearly  valid"  plane-strain  KIc  value,  and  the 
calculated  crack-opening-displacement  (COD)  value  was 
very  small.  Stable  crack  extension  before  final 
fracture  (indicating  ductile  fracture  behavior) 
occurred  in  only  four  tests.  The  remaining  specimens 
exhibited  various  degrees  at  elastic-plastic  behavior. 
Thus  the  results  from  the  service-simulated  tests 
confirmed  that  these  low- toughness  heat-affected-zone 
(HA2)  weldments  could  occasionally  fail  in  an  unaccept¬ 
able  brittle  manner. 

2)  Some  of  the  results  from  Charpy  V-notch  tests  of  the 
various  regions  of  the  weldments  marginally  did  not 
meet  the  current  American  Bureau  of  Shipping  (ABS) 
specif ications  for  this  service  application.  A  great 
deal  of  data  scatter  was  obtained  for  the  weldments 
tested.  As  long  as  attention  was  focused  on  the 
poorest  performance  of  the  sets  of  weldments  investi¬ 
gated,  it  could  be  concluded  that  the  Charpy  toughness 
in  the  3-mm  position  of  the  HAZ  did  not  meet  the  ABS 
specification.  Therefore,  the  brittle-fracture 
behavior  of  the  one  service-simulated  specimen  qives 
credence  to  the  existing  ABS  criteria  and  procedures. 

3)  Because  of  the  "masking"  of  the  low-toughness  region 
(3-  to  5-mm  position)  by  the  adjacent  high-toughness 
region  (weld  metal  and  base  plate) ,  attention  must  be 
focused  on  the  minimum  rather  than  the  average  of  the 
toughness  values  measured  for  the  w'eldment. 

4)  The  lowest  toughness  region  in  the  HAZ  of  the  1-inch- 
thick  SMA  weldments  was  also  observed  at  the  3-mm 
position  when  surface-notched,  rather  than  edge- 
notched.  Charpy  specimens  were  tested  with  the 
entire  notch  located  in  a  particular  region  of  the 
HAZ.  Moreover,  both  the  average  and  minimum  energy 
absorption  were  reduced  by  one  third  or  more.  Thus,  a 
change  in  specimen  orientation  reduced  the  "masking" 
effect  of  the  adjacent  higher  toughness  regions  and 
verified  that  a  small  region  in  the  HAZ  showed  brittle 
rather  than  the  desired  elastic-plastic  behavior. 

5)  If  it  is  assumed  that  the  NDT  temperature  is  the  limit 
of  dynamic  brittle  fracture  and  the  measured  NDT 
results  are  adjusted  for  an  intermediate  rate  of 
loading,  the  NDT  results  predict  marginal  elastic- 
plastic  behavior.  Thus, the  NDT  results  were  consis¬ 
tent  with  the  results  from  the  tests  simulating  the 


3 


r 


service  application.  However,  the  NDT  specimen  is  not 
recommended  as  a  quality-control  test  for  ship-steel 
weldments  because  the  location  of  the  crack  initiating 
from  the  hard-X  bead  is  unpredictable  and  can  lead  to 
incorrect  interpretation  of  the  test  results. 

6)  Application  of  the  present  ABS  rules  to  the  results 
from  the  CVN  tests  of  the  weldments  indicated  somewhat 
less  than  acceptable  performance  at  -60°P.  Likewise, 
at  -60° F  the  NDT  and  DT  data  for  these  weldments 
marginally  exceed  the  criteria  proposed  by  Rolfe  when 
the  criteria  are  adjusted  for  intermediate  loading 
rates.  However,  for  both  dynamic  and  intermediate 
loading  rates,  the  CVN  values  for  these  weldments 
exceed  the  CVN  values  equivalent  to  the  5/8  DT  values 
required  by  Rolfe.  The  5/8-inch  dynamic- tear  specimen 
is  not  recommended  as  a  quality-control  test  for 
weldments  because  it  is  too  thick  to  assess  small 
regions  of  low  toughness  in  a  HAZ  that  are  "masked"  by 
adjacent  material  of  greater  toughness. 

7)  Although  full-plate-thickness  three-point-bend  frac¬ 
ture-mechanics  specimens  that  sampled  the  lowest 
toughness  HAZ  were  tested  at  -60°P  at  an  intermediate 
strain  rate,  the  fracture-toughness  (Kq)  results  did 
not  indicate  valid  plane-strain  KIc  behavior.  Thus, 
this  test  could  not  be  used  to  properly  assess  the 
marginal  toughness  performance  of  the  weldments. 
However,  the  lower  bound  of  the  COS  (crack-opening- 
stretch)  values  (approximately  0.001  inch)  obtained 
from  these  same  specimens  is  considered  to  represent 
inadequate  elastic-plastic  fracture  toughness  and  thus 
confirmed  the  marginal  toughness  of  the  weldments. 

8)  The  three  surface-cracked  specimens  that  contained 
internally  initiated  fatigue  cracks  were  tested 

at  -60°F  at  an  intermediate  loading  rate  and  fractured 
only  after  stable  crack  extension  had  occurred. 

Because  the  fatigue-crack  front  of  these  specimens  was 
in  the  weld  metal  as  well  as  the  HAZ  and  base  plate,  a 
smaller  portion  of  the  HAZ  was  sampled  in  these  tests. 
Although  limited,  these  results  are  consistent  with 
the  elastic-plastic  behavior  predicted  from  the 
results  for  the  CVN,  NDT,  5/8  DT,  and  three-point-bend 
plane-strain  fracture- toughness  specimens  which 
primarily  sampled  the  weld  metal  and  base  plate. 
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9) 


At  -60°F,  the  toughness  at  the  3-  to  5-mm  position  in 
these  weldments  was  very  low  compared  with  that  of  the 
adjacent  base  plate  and  weld  metal  and  may  not  be 
typical  of  other  ship-steel  weldments.  Extensive 
searching  was  done  before  such  a  weldment  system  could 
be  identified  for  this  program. 
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4.0  BACKGROUND  AND  INTRODUCTION 


Increased  attention  to  notch  toughness  as  a  material 
parameter  in  ship  construction  for  low-temperature  service  has 
focused  on  the  inability  to  economically  produce  weldments  that 
satisfy  current  Charpy  V-notch  (CVN)  energy  requirements  and  on 
the  multiplicity  of  test  specimens  and  notch  locations  required 
for  the  variety  of  plate  thicknesses  used  for  applications  where 
the  temperature  can  fall  below  +32°F  (0°C).  At  present,  CVN 
notch  locations  are  prescribed  to  be  at  the  weld  center  line, 
fusion  line,  in  the  heat-affected  zone  (HAZ)  1  mm,  3  mm,  and 
5  mm  from  the  fusion  line,  and  in  the  base  plate. 

Metallurgical  studies  are  currently  under  way  to 
determine  whether  economical  steels  are  available  that  will  have 
adequate  HAZ  toughness  for  low-temperature  applications  when 
used  with  high-deposition-rate  welding  procedures  in  shipyard 
fabrication  (for  example.  Ship  Structure  Committee  sponsored 
research  project  SR-1256  entitled  "Investigation  of  Steels  for 
Improved  Weldability " ) .  The  appropriateness  of  current  Charpy 
energy  requirements  for  both  as-rolled  and  heat-treated  ship 
steels  is  also  being  questioned.  In  as-rolled  plate,  the  HAZ 
toughness  is  usually  improved  near  the  fusion  zone  but  may  be 
impaired  at  the  outer  regions  of  the  HAZ.  In  contrast,  the  HAZ 
toughness  of  heat-treated  steel  plate  is  sometimes  impaired  near 
the  fusion  zone. 

The  primary  purpose  of  this  project  was  to  assess  the 
toughness  of  various  regions  of  a  weldment  having  a  low¬ 
toughness  HAZ  by  utilizing  various  quality-control  fracture- 
toughness  tests.  In  addition,  f racture-mechanics-type  tests 
were  used  to  assess  the  lowest  toughness  reaion  of  the  weldment. 
The  results  from  all  these  tests  were  then  compared  with  results 
from  tests  of  specimens  (surface-cracked)  in  w'hich  natural 
fatigue  cracks  had  been  grown  to  various  sizes  and  the  specimens 
tested  to  failure  at  the  lowest  temperature  and  highest  loading 
rate  expected  in  actual  service.  The  quality-control  tests  used 
in  this  investigation  were  the  Charpy  V-Notch,  5/8-inch  dynamic 
tear  (DT) ,  and  the  nil-ductility  transition  temperature  (NDT) . 

Existing  quantitative  predictive  equations  relating 
the  quality-control  test  results  to  quantitative  fracture- 
mechanics-  toughness  values  allowed  the  comparison  of  predicted 
fracture  behavior  with  that  obtained  from  tests  of  surface- 
cracked  specimens  simulating  service  at  -50°F  or  -46°C  and  an 
intermediate  rate  of  loading.  The  surface-cracked  specimens 
were  obtained  by  cyclically  loading  submerged-arc-welded  (SAW) 
and  shielded-metal-arc  (SMA)  butt-welded  Tee  joints.  The  crack 


lengths  were  monitored  during  initiation  and  propagation  and  the 
results  compared  with  data  from  the  literature.  Weldments  with 
the  reinforcement  remaining  and  removed  were  examined. 


The  service  performance  of  ship-steel  weldments,  like 
that  of  weldments  for  other  structures,  is  best  evaluated  by 
examining  the  parameters  that  govern  (1)  the  initiation  of  a 
crack,  (2)  the  stable  propagation  of  a  crack,  and  (3)  unstable 
extension  of  the  crack.  Thus,  this  report  considers  each  of 
these  three  events  separately  and  sequentially. 
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5 . 0  MATERIALS 


5 . 1  Plate 

The  original  contract  for  the  present  study  specified 
the  use  of  ABS-CS  steel  weldments.  Because  the  1-1/2-inch  and 
5/8-inch-thick  (38  and  16  mm)  ABS-CS  plates  of  the  original 
program  did  not  clearly  indicate  a  low-toughness  heat-affected- 
zone  (HAZ)  when  evaluated  by  the  Charpy  V-notchD  (CVN)  test 
(see  Appendix  Supplement) ,  plates  of  A537  Class  1  (formerly 
Grade  A)  sulfide-shape-controlled  steel  which  were  found^)  to 
exhibit  very  low  HAZ  toughness  at  -60°F  (-51 °C)  were  substi¬ 
tuted.  The  plates  were  1-  and  1/2-inch  thick  and  had  been  used 
earlier  in  the  MARAD^)  program  as  discussed  in  Section  8.1. 

5.11  Chemical  Composition 

The  composition  of  the  1-  and  the  1/2-inch  (25.4  and 
12.7  mm)  A537  Class  I  plates  was  essentially  the  same  and 
agreed  closely  with  the  composition  reported  in  the  MARAD^) 
program,  Table  1.  The  rare-earth  additions  used  in  steelmaking 
cause  formation  of  globular  rather  than  strung-out  sulfides, 
thus  increasing  the  fracture  toughness  of  the  plate. 

5.12  Tensile  Properties 

Duplicate  longitudinal  and  transverse  standard-*-^ 
0.252-inch-diameter  (6.4  mm)  tension  specimens  from  the  quarter- 
thickness  of  the  1-inch-thick  plate  and  the  mid-thickness  of  the 
1/2-inch-thick  plate  were  tested.  Table  2.  The  transverse  yield 
and  tensile  strengths  for  the  1-inch-thick  plate  are  about  5  ksi 
(34  MPa)  greater  than  those  reported  in  the  MARAD^)  program  and 
those  for  the  1/2-inch  plate  are  essentially  identical. 

5 . 2  Weldments 

The  weldments  were  made  as  large  as  practical,  consis¬ 
tent  with  testing-machine  capacity,  both  to  provide  constraint 
and  to  allow  for  heat  dissipation  during  welding.  The  welding 
conditions  used  were  similar  to  those  that  had  produced  a  very 


^  "Mechanical  Testing  of  Steel  Products,"  ASTM  Standards,  Part  10, 
1978,  pp.  28-83. 


K.  Willens,  "Final  Report  of  Phase  I,  MARAD/ (NBS)  General  Dynamics 
Ship  Steel  Improvement  Program,"  General  Dynamics,  Quincey  Ship- 
Building  Division,  May  17,  1977. 
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Tensile  Properties  of  the  1/2-Inch-  and  1-Inch-Thick  A537  Class 
Steel  Plates  and  the  SMA  and  SAW  Weld  Metals  Studied 


10 


75.4 


low  toughness  HAZ  in  the  1-inch  plate  tested  as  part  of  the 
MARAD2)  program. 

5.21  Consumables  s 


The  1-  and  the  1/2-inch  plates  were  welded  by  using 
two  welding  processes.  The  shielded-metal-arc  (SMA)  process 
incorporated  an  E8018-C1  electrode  for  both  plate  thicknesses. 
For  the  1-inch-thick  plate/ the  electrode  diameters  were  5/32- 
and  1/8-inch  (4  and  3  mm)  for  the  first  and  second  root  passes, 
respectively,  and  a  combination  of  5/32-  and  3/16-inch  (4  and 
5  mm)  for  all  remaining  weld  passes.  For  the  1/2-inch-thick 
plate, the  electrode  diameter  was  1/8-inch  for  the  root  pass  and 
a  combination  of  5/32  and  3/16-inch  for  the  remaining  passes. 

The  SAW  process  incorporated  5/32-inch  ARMCO  W18  wire  and  Lin¬ 
coln  880  flux. 

The  chemical  compositions  of  the  electrodes  are  shown 
in  Table  3.  A  typical  photomicrograph  of  each  type  of  weldment 
is  shown  in  Figures  1-1  and  1-2.  The  base-metal  microstructure 
was  ASTM  grain  size  8,  consistent  with  the  MARAD2)  program  value 
of  7  to  8 . 

5.22  Welding  Procedures  and  Tension-Test  Results 


All  the  welds  were  butt  joints.  The  mating  edges  of 
the  plates  were  machined  to  form  Vee  grooves  having  a 
60-degree  included  angle.  For  the  1-inch  SMA  weldments,  a  double 
Vee  centered  on  the  plate  thickness  was  used  with  a  zero  land 
and  a  1/8-inch  root  opening,  whereas  for  the  1/2-inch  SMA  weld¬ 
ments  a  single-Vee  groove  was  used  with  a  1/8-inch  (3  mm)  root 
gap  and  a  backup  bar.  For  the  1-inch  SAW  weldments,  a  single  Vee 
with  a  1/2-inch  land  was  used  while  welding  the  first  side,  then 
the  opposite  side  was  prepared  in  the  same  manner  ?or  the 
completion  of  welding.  The  plates  for  the  1/2-inch  SAW  weld¬ 
ments  were  machined  in  a  similar  manner,  except  that  a 
1/8-inch  land  was  used, 

A  typical  weld-pass-sequence  record  for  each  weld  type 
and  plate  thickness  is  listed  in  Table  4.  For  the  Tee  weldments, 
the  longitudinal  welds  were  made  first,  then  the  ends  were 
beveled  and  the  transverse  welds  were  completed.  All  welds  were 
radiographed  according  to  UW51  of  Section  VIII,  Division  1,  1977 
ASME  Boiler  and  Pressure  Vessel  Code.  For  the  1-inch  SMA  weld¬ 
ments,  the  heat  input  was  about  40  to  45  kJ/in.  (1.57  to 
1.77  kJ/mm)  for  all  but  one  weldment  for  which  the  heat  input 
was  35  kJ/in.  (1.38  kJ/mm).  For  the  1/2-inch  SMA  weldments,  the 
heat  input  was  about  40  kJ/in.  (1.57  kJ/mm).  Por  both  the  1- 
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REHEATED  WELD  METAL  ZONE  REHEATED  GRAIN  COARSENED  ZONE  INTERCRITICAL  ZONE 

Figure  1-1  Typical  Photomicrograph  of  SMA  Weldments  with  Picral  and  Nital  Etch  -  200X  Except  as  Noted 


cal  Photomicrograph  of  SAW  Weldments  with  Picral  and  Nital  Etch  -  200X  Except  as  Noted 
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Table  4 


Typical  Weld-Pass  Sequence  Records  for  1-  and 
_ 1/2-Inch  SMA  and  SAW  Weldments 


Electrode  or 


Weld  Pass 

Wire  Diameter, 

Travel  Speed 

No. 

Side 

inch 

Voltaq 

e  Amperage 

ipm 

1-Inch  SMA 

(E8018-C1 

Electrode) 

1 

1 

5/32 

24 

165 

3 

to 

4 

2 

1 

3/16 

24 

210 

3 

to 

4 

3 

2 

3/16 

22 

125 

3 

to 

4 

4 

2 

5/32 

24 

175 

3 

to 

4 

5 

to  7 

2 

3/16 

24 

210 

3 

to 

4 

8 

and  9 

1 

3/16 

24 

210 

3 

to 

4 

10 

and  11 

2 

3/16 

24 

210 

3 

to 

4 

12 

to  14 

1 

3/16 

24 

210 

3 

to 

4 

15 

and  16 

2 

3/16 

24 

210 

3 

to 

4 

1/2-Inch  SMA 

(E8018-C1 

Electrode) 

1 

1 

1/8 

22 

130 

3 

to 

4 

2 

to  6 

1 

5/32 

24 

175 

3 

to 

4 

7 

and  8 

1 

3/16 

24 

210 

3 

to 

4 

1- 

Inch 

SAW  (ARMCO  W18  Wire  and 

Lincoln  880 

Flux) 

1 

1 

5/32 

32 

600 

23 

2 

1 

5/32 

32 

530 

20 

3 

1 

5/32 

32 

600 

23 

4 

to  8 

2 

5/32 

32 

600 

23 

9 

1 

5/32 

32 

600 

23 

10 

2 

5/32 

32 

600 

23 

11 

1 

5/32 

32 

600 

23 

12 

2 

5/32 

32 

600 

23 

1/2 

-Inch 

i  SAW  (ARMCO  ' 

W18  Wire  and  Lincoln  880 

i  Flux) 

1 

1 

5/32 

32 

600 

23 

2 

1 

5/32 

32 

600 

23 

3 

2 

5/32 

32 

600 

25 
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and  1/2-inch  SAW  weldments,  the  heat  input  was  50  kJ/in. 

(1.99  kJ/mm) . 

Duplicate  all-weld-metal  standard^)  0.252-inch- 
diameter  (6.4  mm)  tension  specimens  were  machined  and  tested 
from  the  quarter- thickness  of  the  1-inch  and  from  near  the 
surface  of  the  1/2-inch  SMA  and  SAW  weldments.  The  tensile 
properties  are  shown  in  Table  2.  Samples  were  cut  from  the 
1-inch  SMA  and  SAW  weldments,  polished,  and  etched  to  obtain 
hardness  surveys  for  the  weld  metal,  HAZ,  and  base  metal  at 
various  locations  within  the  plate  thickness.  These  locations 
corresponded  to  fracture-critical  locations  of  the  various 
specimens  included  in  the  test  program.  The  locations  were  near 
the  surface  for  the  NDT  specimens  (0.050  in.  or  1.27  mm  below 
the  plate  surface) ,  at  the  center  of  the  CVN  specimens  (approxi¬ 
mately  0.30  in.  or  7.62  mm  below  the  plate  surface),  and  at  the 
1/3- thickness  and  mid- thickness  of  the  Kjc  and  DT  specimens 
(0.30  and  0.40  in.  or  7.62  and  10.16  mm  below  the  plate  surface 
for  the  1/3-thickness  locations  and  at  the  actual  plate  mid¬ 
thickness  for  the  specimen  mid-thickness  locations) . 

The  results  of  the  hardness  surveys  are  summarized  in 
Figures  2-1  and  2-2.  The  SMA  weld  metal  and  HAZ  were  a  maximum 
of  about  99  and  104  Diamond  Pyramid  Hardness  ( DPH )  points 
greater  than  the  base  plate,  whereas  the  SAW  weld  metal  and  HAZ 
were  a  maximum  of  about  76  and  70  DPH  points  greater  than  the 
base  plate,  respectively. 
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Figure  2-2  Hardness  of  A537  Class  1  1-Inch-Thick  SAW  Weldnent 
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VALUES  FOR  REFERENCE  VALUES  FOR  REFERENCE 


6.0  FATIGUE-CRACK-INITIATION  BEHAVIOR 


6 . 1  Background 

Early  analysis  of  the  fatigue  behavior  of  steels 
involved  development  of  S-N  curves  for  the  particular  steel  of 
interest.  Samples  of  the  material  were  machined  in  the  form  of 
round  bars  or  cantilever  strips,  and  cyclically  loaded  to 
maximum-stress,  S,  levels  until  failure  occurred  after  a  number 
of  cycles,  N,  or  until  some  maximum  number  of  cycles  were 
applied  with  no  failure,  representing  infinite  life.  For  the 
finite-life  data  generated  in  this  manner,  the  life  of  the 
specimen  includes  both  the  number  of  cycles  that  it  takes  to 
generate  a  crack  on  the  surface  of  the  specimen  ( f atigue-crack 
initiation)  and  the  number  of  cycles  that  it  takes  to  propagate 
the  crack  (fatigue-crack  propagation)  through  the  particular 
specimen  geometry  being  tested. 3) 


Fracture-mechanics  analyses  have  shown  a  more  quanti¬ 
tative  means  of  evaluating  both  the  initiation  and  the  propa¬ 
gation  behavior.  For  fatigue-crack  initiation  from  notches  in 
various  steels  subjected  to  different  stress  ratios  (R  =  -1 
to  0.5),  the  threshold  value  of  the  stress-intensity-factor 
range,  i>K ,  can  be  estimated  from  the  equation4) 


PK 

/p 


10  /o 

ys 


where  -K  is  the  cyclic  stress-intensity  factor  for  a  crack  of 
equivalent  length,  p  is  the  notch-root  radius,  and  c>yS  is  the 
yield  strength.  These  data  show  that  increasing  the  yield 
strength  retards  fatigue-crack  initiation  in  steel  plate. 


Predicting  fatigue-crack  initiation  in  weldments  is 
far  more  difficult  than  predicting  behavior  in  base  plate.  When 
the  weld  reinforcement  is  not  removed,  the  fatigue  crack  will 
initiate  at  the  toe  of  the  reinforcement  because  of  the  stress 
concentration.  If  weld  porosity  or  crack-like  discontinuities 
are  present,  the  cycles  (or  life)  required  to  initiate  a  fatigue 
crack  may  be  shortened  or  eliminated. 


J.  M.  Barsom,  "Fatigue  Behavior  of  Pressure  Vessel  Steels," 
Welding  Research  Council  Bulletin,  No.  194,  May,  1974. 

R.  Roberts,  J.  M.  Barsom,  S.  T.  Rolfe,  and  J.  W.  fisher,. 
"Fracture  Mechanics  for  Bridge  Design,"  Reoort  No.  FHWA-RD- 
78-68,  Federal  Highway  Administration,  Department  of  Trans¬ 
portation,  Washington,  D.C.,  July,  1977. 
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Work  at  the  British  Welding  Institute5^  suggests  that 
crack-like  discontinuities  or  actual  microcracks  of  about 
0.010  inch  or  less  in  depth  are  always  present  in  the  undercut 
area  at  the  base  (toe)  of  the  weld.  If  this  is  true,  the 
fa tigue-crack- initiation  life  is  limited  to  that  necessary  to 
sharpen  these  imperfections  and  is  completely  eliminated  if 
microcracks  are  present.  This  viewpoint  raises  an  interesting 
fundamental  question:  if  the  imperfections  in  the  weld-undercut 
region  significantly  shorten  or  eliminate  the  fatigue-crack- 
initiation  life,  then  all  steel  weldments,  independent  of  \ield 
strength,  will  have  the  same  fatigue  behavior  (because  the 
fatigue-crack-propagation  behavior  is  the  same  for  all  steels, 
as  discussed  in  the  next  section) .  In  the  present  investi¬ 
gation,  this  question  was  examined  by  comparing  fatigue-crack- 
initiation  data  for  smooth  weldment  surfaces,  where  the  weld 
reinforcement  and  the  undercut  regions  were  removed,  with 
fatigue-crack-initiation  data  for  weldment  surfaces  where  the 
reinforcement  had  been  removed  but  the  undercut  region  was 
untouched . 


6 . 2  Test  Procedures  and  Results 

6.21  Fatigue-Crack-Initiation  Tests 
at  Room  Temperature _ 

Room-temperature  fatigue-crack-initiation  data  were 
obtained  for  the  1-inch  SMA  and  SAW  weldments  by  usin<-  full- 
thickness  specimens  containing  Tee  welds,  as  shown  in  FicK.es  3 
and  4,  which  simulate  a  weld-joint  geometry  frequently  used  for 
shipbuilding.  To  produce  the  most  severe  orientation  for  subse¬ 
quent  fracture  tests,  the  rolling  direction  of  the  base  plate 
was  always  perpendicular  to  the  axis  of  the  specimen  and  thus  to 
the  loading  direction.  If  a  fatigue  crack  initiated  in  a  speci¬ 
men,  the  number  of  cycles  and  crack  length  were  recorded  for 
crack-propagation  analysis  (Section  7).  Selected  cracked  speci¬ 
mens  were  tested  to  failure  by  simulating  the  most  severe  ser¬ 
vice  conditions  (Section  8). 

Four  weldment  surface  conditions  were  tested:  (1)  SMA 

and  SAW  as  welded,  (2)  SAW  with  both  the  weld  reinforcement  and 
the  entire  undercut  region  removed  (smooth),  (3)  SMA  and  SAW 


B.  A.  Granville  and  F.  Watkinson,  "Research  Programs  to 
Investigate  the  Fatigue  of  High  Strength  Steels:  Initiation 
in  Fillet  Welds,"  Fatigue  Performance  of  Welded  High  Strength 
Steels , "  The  Welding  Institute,  1974. 
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.!r>>  '1  SAW  As-Welded  Tee-Weld  Specimen  Showing  Terminal  Strips 
Used  to  Detect  Fatigue  Crack  Initiation  (RD  =  Plate 
Rolling  Direction) 


1 


r 


with  the  weld  reinforcement  removed  but  the  undercut  region  and 
the  original  plate  surface  retained  (rouqh  undercut),  and  (4)  SMA 
and  SAW  with  the  weld  reinforcement  and  a  minimum  amount  of  the 
original  plate  surface  removed  to  produce  a  smooth  finish  away 
from  the  undercut  region  (smooth  undercut) . 

In  general,  the  as-welded  and  rough-undercut  specimens 
were  3.5  inches  (88.9  mm)  wide  and  had  a  uniform  section  lenath 
of  4.25  inches  (108  mm)  plus  the  width  of  the  weld,  whereas,  the 
smooth  and  smooth-undercut  specimens  were  4.25  inches  (108  mm) 
wide  and  had  a  uniform  section  length  of  5.0  inches  (127  mm) 
plus  the  width  of  the  weld. 

Most  of  the  fatigue-crack-initiation  tests  for  the  as- 
welded  specimens  and  all  of  the  fatigue-crack-initiation  tests 
for  the  undercut  specimens  were  conducted  with  a  300-kip 
(L.33  MN)  closed-loop  hydraulic  machine  cycled  at  2.5  to 
4.75  cycles  per  second  (cps).  All  other  tests  (including  all 
tests  at  -60°F)  were  conducted  with  a  150-kip  (667  kN)  resonant 
fatigue  machine  at  114  to  124  cps.  The  smooth  specimens  were 
all  tested  in  the  300-kip  closed-loop  hydraulic  machine  at  0.5 
to  6  cps.  Because  there  were  only  limited  comparative  data,  a 
firm  conclusion  cannot  be  drawn  regarding  the  effect  of  test 
frequency.  The  tests  were  conducted  at  a  minimum-  to  maximum- 
stress  ratio  (R  ratio)  of  -1  except  Specimen  3AM2 ,  which  had  an 
R  ratio  of  zero. 

To  determine  when  a  crack  had  initiated  without 
constant  monitoring  of  the  specimen,  bondable  terminal  strips 
were  mounted  on  most  specimens  with  an  epoxy  adhesive.  These 
terminal  strips  were  mounted  both  at  the  center  and  quarter- 
width  positions  on  both  faces  of  the  specimen  such  that  thev 
crossed  both  bond  lines  of  the  transverse  weld  or,  in  the  case 
of  the  center  strips,  crossed  one  bond  line  and  ran  along  the 
center  of  the  longitudinal  weld,  as  shown  in  figure  4.  The 
strips  were  connected  in  series  to  form  an  electrical  circuit. 
When  a  crack  initiated  and  broke  one  of  the  terminal  strips,  the 
electrical  circuit  was  also  broken,  and  a  relay  opened  to  shut 
off  the  testing  machine.  In  this  manner,  fatigue  cracks  that 
ranged  from  about  0.010  to  2.707  inches  (0.25  to  68.7  mm)  in 
length  were  detected  during  the  fatigue-crack-initiation  tests. 
The  weldment  specimens  were  cyclically  tested  for  a  maximum  of 
10 6  cycles. 


The  location  and  surface  length  of  the  first  crack 
detected  in  each  specimen,  along  with  the  corresponding  number 
of  fatigue  cycles,  are  presented  in  Figures  5-1  to  5-9  and 
Appendix  A.  Cyclic  stress  amplitude  and  cycles  to  failure  are 
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Tee  Weldments  Rough-Undercu 
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I  -  INITIAL  CRACK  LENGTH,  in. 

f=  Final  crack  length,  m. 


7AS3  ±25  KSI 


7AS2  ±33  KSI 


1  ksi  =  6  895  MPa 
1  in.  =  25.4  mm 


SAW  SMOOTH 

SPECIMEN 

U, 

NO. 

ksi 

RESULT* 

1AS2 

±40 
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IASI 

±40 

1 

5AS2 

±38 

1 

7AS4 

±36 

G 

1 AS4 

±36.1 

G 

4AS3 

±29 

1 

7AS1 

±29 

G 

6AS1 

±25 

R 

4AS4 
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R 

*  B,  I,  G:  TOTAL  FAILURE  FROM 
BASE  PLATE,  FROM  INTERNAL 
IMPERFECTION  AT  BOND  LINE, 
OR  FROM  GRIPPED  REGION. 

R:  RUNOUT 


Finure  5-9  Location  and  Surface  Lenqth  of  Fatigue  Cracks  in  1-Inch- 
Thick  A537  Class  1  Smooth-Undercut  and  Smooth  SAW  Tee 
Weldments  (Total  Failures  and  Runouts  Also  Indicated) 
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shoun  in  Figure  6-1  for  all  the  SMA  weldments  and  in 
Figure  6-2  for  all  the  SAW  weldments.  The  crack  length  at  the 
time  the  crack  was  first  observed  is  indicated  next  to  each  data 
po i n  t . 


For  the  smooth  specimens,  the  cracks  started  in  the 
base  metal  or  from  internal  initiation  sites  located  below  the 
specimen  surface  in  the  weld.  These  internal  sites  were  near 
the  bond  line  of  the  transverse  weld  or  within  the  longitudinal 
weld.  For  the  smooth-undercut  specimens,  internal  cracks 
initiated  near  the  bond  line  of  the  transverse  weld,  whereas  for 
the  as-welded  and  rough-undercut  specimens  the  crack  always 
initiated  on  the  surface  of  the  specimen  at  the  toe  of  the 
transverse  weld.  In  some  specimens  the  crack  initiated  at  a 
sharp  corner  or  in  the  gripped  portion  of  the  specimen,  as  noted 
in  Figure  6-2. 

6.22  Fatigue-Crack-Initiation  Tests  at  -60°F 


To  determine  the  fatigue-crack-initiation  behavior  of 
weldments  at  low  temperatures,  four  as-welded  SAW  Tee  weldments 
were  cycled  at  a  test  temperature  of  -60°F  at  several  stress 
levels.  The  stress  levels  were  selected  on  the  basis  of  the 
fatigue-crack-initiation  behavior  obtained  at  room  temperature. 
The  primary  purpose  of  these  tests  was  to  determine  the  fatigue 
strength  for  one  million  cycles  at  a  test  temperature  of  -60°f. 

The  fatigue-crack-initiation  tests  at  -60°F  were 
conducted  at  124  cps  on  the  same  150-kip  resonant  fatigue 
machine  as  were  some  of  the  room-temperature  tests.  To  maintain 
the  test  temperature,  a  tank  was  mounted  on  the  specimen, 
filled  with  a  coolant,  and  externally  cooled  fluid  was  circulat¬ 
ed  through  the  tank  as  required.  The  temperature  was  monitored 
by  a  thermocouple  attached  to  the  specimen.  The  actual  tempera¬ 
ture  during  the  tests  ranged  from  -48  to  -72°F  (-44  to  -58°C), 
and  for  most  of  the  duration  of  the  tests  the  temperature  was 
between  -52  and  -68°F  (-47  to  -56°C).  The  total  test  time  for 
106  cycles  was  about  two  and  one-quarter  hours.  Terminal 
strips  were  bonded  to  the  specimen  surfaces  to  identify  crack 
initiation. 


The  results  are  compared  with  the  room-temperature 
S-N  curves  in  Figures  7  and  8.  figure  7  indicates  that  at  one 
million  cycles  and  a  stress  ratio  of  -1,  the  fatigue  strength 
at  -60°F  of  the  SAW  as-welded  specimens  was  about  il9  ksi 
(131  MPa)  versus  less  than  ^13  ksi  (90  MPa)  at  room  temperature. 
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Crack  for  SMA  and  SAW  Tee  Weldments  in  the 
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Figure  8  Stress  Amplitude  and  Cycles  to  Initiate 
Crack  for  SMA  and  SAW  Tee  Weldnents  with 
Various  Surface  Conditions 


6.3  Discussion  of  Results 


6.31  As-Welded  Specimens 

The  fatigue  data  for  the  as-welded  1-inch-thick  SMA 
and  SAW  Tee-weld  specimens  showed  no  significant  difference  in 
behavior  due  to  the  difference  in  welding  procedure,  and  the 
fatigue  strength  was  about  12  ksi  (83  MPa)  (corresponding  to  a 
stress  range  of  24  ksi)  at  a  life  of  10^  cycles,  figure  7  and 
Appendix  A.  All  the  fatigue  cracks  in  the  as-welded  specimens 
initiated  randomly  at  the  toe  regions  of  the  transverse  weld. 

In  some  cases  multiple  cracks  were  observed.  Because  the 
stress  concentration  is  greatest  in  this  toe  region,  none  of  the 
as-welded  specimens  developed  visible  cracks  from  internal 
imperfections . 

Although  previous  studies  have  determined  the  -Fatigue 
strength  at  different  lives  for  butt-welded  plates,  the  present 
data  are  perhaps  best  compared  with  compilations  of  data  that 
were  accumulated  during  extensive  studies  undertaken  to  develop 
fatigue  design  specifications.  Two  such  programs  were  1)  that 
of  Fisher  et  al.6)  in  preparing  fatigue  design  curves  for  welded 
structural  details  for  the  American  Association  of  State  Highway 
and  Transportation  Officials  ( AASHTO)  and  2)  that  of  Gurney  and 
Maddox^)  for  design  of  British  steel  girder  bridges.  Both  the 
SMA  and  SAW  as-welded  specimens  tested  in  the  present  study 
correspond  to  the  Category  C  designation  of  the  AASHTO  specifica¬ 
tions,^  whereas  the  as-welded  SMA  specimens  correspond  to 
Class  D  and  the  as-welded  SAW  specimens  correspond  to  Class  F, 
respectively,  of  the  British  standards. 9)  Thus,  unlike  the 


J.  W.  Fisher,  K.  H.  Frank,  M.  A.  Hirt,  and  B.  M.  McNamee, 
"NCHRP  Report  102,  Effect  of  Weldments  on  the  Fatigue 
Strength  of  Steel  Beams,"  Lehigh  University,  Bethlehem, 
Pennsyl vania . 

T.  R.  Gurney  and  S.  J.  Maddox,  "Determination  of  Fatigue 
Design  Stresses  for  Welded  Structures  From  an  Analysis  of 
Data,"  Metal  Construction  and  British  Welding  Journal, 
November  1972,  Vol.  4,  No.  11,  pp.  11-15. 

J.  W.  Fisher,  "Guide  to  1974  AASHTO  Fatigue  Specifications," 
American  Institute  of  Steel  Construction,  New  York,  New  York. 

B.  S.  153  "Steel  Girder  Bridges,"  British  Standard  Institu¬ 
tion,  London. 
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British  standards,  the  AASHTO  design  procedures  do  not  reconnize 
differences  between  SMA  and  SAW  weldments.  The  present  results 
are  consistent  with  the  AASHTO  design  procedures  in  that  no 
difference  in  results  was  observed  for  the  two  methods  of  weld¬ 
ing.  Although,  after  10^  cycles,  two  SMA  weldments  did  not  show 
a  visible  crack  (one  at  a  stress  amplitude  of  16  ksi  or  110  MPa 
and  one  at  13  ksi  or  90  MPa,  one  SMA  weldment  showed  a  0.48-inch 
long  (12.2  mm)  crack  after  10^  cycles  at  a  stress  amplitude  of 
13  ksi  (89.6  MPa),  Figure  6-1.  Thus  SMA  weldments  may  statisti¬ 
cally  have  fewer  surface  imperfections  than  SAW  weldments,  but 
the  present  data  support  the  more  conservative  AASHTO  philosphv 
of  not  allowing  higher  fatigue  design  strength  for  SMA  weldments 
than  for  SAW  weldments.  The  curves  forming  the  basis  for  the 
AASHTO  fatigue  specifications  correspond  to  the  95  percent 
confidence  limits  for  95  percent  survival  determined  from  experi 
mental  data^)  for  a  given  category  or  severity  of  welded  detail. 
Hence, the  design  curves  are  thought  to  represent  verv  conserva¬ 
tive  estimates  of  fatigue  performance. 

The  curve  forming  the  basis  for  the  AASHTO  Categorv  C 
specification  is  plotted  in  Figures  6-1,  6-2,  and  7  as  a  conpan 
son  with  the  results  from  the  present  study.  Similarly,  the 
results  of  Gurney  and  Maddox7)  for  the  adjusted  mean  fatieue 
strength  minus  two  standard  deviations  of  the  data  examined  arc 
shown  in  the  same  figures  for  Class  D  (S^IA  butt  welds)  and 
Class  F  (SAW  butt  welds).  Both  design  procedures  recognize  that 
the  total  stress  range  must  be  used  for  determininct  the  fatigue 
performance  of  as-welded  structural  details  because  the  tensile 
residual  stresses  after  welding  can  be  of  yield-strength  magni¬ 
tude  . 

All  the  data  from  the  present  study  lie  above  the 
AASHTO  and  British  specification  curves.  Figures  6-1,  6-2,  and  7 
This  is  to  be  expected  because  1)  with  one  exception,  the  tests 
were  conducted  at  an  R  ratio  of  -1  and  thus,  if  the  applied 
compressive  stress  exceeded  the  tensile  residual  stress,  the 
actual  tensile-stress  range  at  the  crack  tip  would  be  less  than 
the  total  applied-stress  range;  2)  the  present  weldments  were 
fabricated  under  ideal  laboratory  conditions;  3)  the  design 
curves  are  all  based  upon  a  conservative  analysis  of  numerous 
sets  of  weldment  results;  and  4)  the  present  fatigue  results 
correspond  to  the  number  of  cycles  necessary  to  form  a  visible 
crack,  whereas  some  of  the  British  and  all  the  AASHTO  results  ar 
for  the  number  of  cycles  necessary  to  fail  large  beams. 

Fisher®)  observed  that,  generally,  at  least  75  percent 
of  the  life  of  large  beams  was  required  to  form  a  detectable 
surface  crack  1/2  to  1  inch  long.  In  the  present  study,  after 
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560,000  cycles  at  a  stress  amplitude  of  24  ksi  (165.5  MPa)  ,  a 
crack  0.917  inch  (23.5  mm)  in  length  was  observed  in  the  S‘1A  Tee 
weld  specimen  4  AM.1  (Appendix  A)  .  This  specimen  failed  after 
84,000  additional  cycles,  an  increase  of  15  percent.  Similarly, 
after  663,000  cycles  at  a  stress  amplitude  of  16  ksi  (110.3  MPa), 
a  crack  1.46  inches  (37.1  mm)  in  length  was  observed  in  the 
SAW  Tee  weld  specimen  2AS1 .  This  specimen  failed  after  169,000 
more  cycles,  an  additional  25  percent.  ^hus,  defining  failure  as 
a  1-  to  1-1. '2-inch-long  (25.4  to  38.1  mm)  surface  cracl:  versus 
total  separation  of  the  specimen  may  result  in  only  a  1-3  ksi 
(7-21  MPa)  difference  in  the  fatigue-strength  stress  amplitude 
for  lives  of  5x105  to  106  cycles. 

One  of  the  objects  of  the  present  study  was  to  deter¬ 
mine  the  number  of  cycles  necessary  to  intitiate  the  first  observ¬ 
able  fatigue  crack.  The  shortest  surface  crack  observed  was 
about  0.03  inch  (0.75  mm)  long, whereas  the  longest  was  about 
2.7  inches  (69  mm),  Figures  6-1  and  6-2.  In  several  instances, 
many  short  shallow  cracks  may  have  formed  at  about  the  same  time 
and  might  not  have  been  detected.  however,  with  additional 
cycling,  these  short  cracks  would  link  up  to  form  a  few  "long" 
surface  cracks.  This  behavior,  along  with  other  factors,  could 
produce  a  large  variation  in  the  length  of  surface  cracks 
observed  at  about  the  same  cyclic  life.  As  noted  above,  some¬ 
times  only  minor  differences  in  fatigue  strength,  1-3  ksi 
(7-21  MPa),  were  observed  ac  the  number  of  cycles  necessary  to 
develop  1-to  1-1/2-inch-long  surface  cracks  versus  the  number  of 
cycles  for  complete  failure  of  a  specimen. 

6.32  Smooth  S AW  Specimens 

In  contrast, visible  cracks  initiated  on  the  surface  of 
the  as-welded  specimens  at  the  toe  of  the  weld  reinforcement, 
weld-toe  surface  cracks  did  not  initiate  in  the  smooth  SAW  weld¬ 
ments.  In  fact,  at  the  higher  stress  levels  several  of  the 
specimens  failed  in  the  base  metal  or  in  the  portion  of  the 
specimen  gripped  in  the  testing  machine.  furthermore,  because 
cracks  grew  from  internal  imperfections  in  the  transverse  and  the 
longitudinal  welds,  the  cyclic  loading  of  only  one  SAW  specimen 
(and  two  SMA  specimens)  could  be  stopped  before  complete  Fracture 
had  occurred.  Figure  6-2. 

The  primary  reason  is  that  during  fatigue-crack  growth, 
when  a  crack  growing  from  an  internal  imperfection  breaks  through 
the  specimen  surface,  the  growth  rate  accelerates  because  the 
maximum  stress  intensity  for  the  surface  crack  is  greater  than 
that  of  the  corresponding  internal  crack;  see  Appendix  B.  for 
example,  if  a  circular  internal  crack  (perpendicular  to  the 


direction  of  applied  stress)  becomes  a  surface  crack,  having  the 
same  depth  as  surface  length,  the  stress-intensity  factor 
increases  45  percent.  Similarly,  a  20  percent  increase  in  the 
stress-intensity  factor  occurs  when  an  internal  crack  having  a 
major-  to  minor-axis  ratio  of  two  to  one  (with  the  major  axis 
parallel  to  the  surface)  breaks  through  the  surface  and  becomes  a 
surface  crack. 

Because  the  internal  fatigue  cracks  usually  initiated 
well  below  the  surface  of  the  specimen,  they  were  generally  large 
when  they  became  surface  cracks.  Thus,  only  three  specimens  that 
had  internally  initiated  cracks  (specimens  Ho.  8AM1,  4AM2 ,  and 
7AS2)  were  obtained  for  the  Kc  tests  of  surface-cracked  speci¬ 
mens.  The  additional  increase  in  the  stress-intensity  factor 
that  occurred  for  the  large  internal  cracks  when  they  became 
surface  cracks  resulted  in  a  very  rapid  fatigue-crack-growth  rate 
and  an  attending  low  number  of  cycles  to  final  fracture  of  the 
specimen. 


Comparing  the  data  for  the  as-welded  and  smooth  SAW 
specimens,  Figure  6-2,  indicates  a  two-fold  improvement  in 
fatigue  strength  at  10^  cycles,  from  about  12  ksi  (83  MPa)  for 
the  as-welded  to  about  24  ksi  (165  MPa)  for  the  smooth  specimens. 
The  AASHTO  fatigue  specifications^)  allow  an  increase  of  up  to 
60  percent  in  design  stress  (Category  B  versus  Category  C)  if  the 
weld  reinforcement  is  removed.  Hence# the  present  data  are  in 
reasonable  agreement  with  the  AASHTO  results  regarding  the 
effect  of  the  weld  reinforcement  on  fatigue  strenqth.  The  work 
of  Gurney  and  Maddox7)  does  not  include  results  for  weldments 
without  the  reinforcement. 

6.33  Smooth-  and  Rough-Undercut  Specimens 

Although  GurneylO)  j,as  suggested  that,  typically, 
defects  0.006  to  0.016  inch  (0.15  to  0.41  mm)  in  depth  occur  at 
the  toe  of  the  weld  reinforcement  and  that  the  cyclic  life  of  a 
weldment  is  spent  only  in  extending  these  crack-like  imper¬ 
fections  to  fail  the  specimen,  Maddoxll)  has  shown  that  an 


T.  R.  Gurney,  "Some  Recent  Work  Relating  to  the  Influence  of 
Residual  Stresses  on  Fatigue  Strength,”  Residual  Stresses  in 
Welded  Construction  and  Their  Effects,  and  international 
conference,  London,  Nov.  15-17,  1977,  the  Welding  Institute, 
Abington  Hall,  Abington  Cambridge. 

3.  J.  Maddox,  "Fracture  Mechanics  Applied  to  Fatigue  in 
Welded  Structures,"  Proceedings  of  the  Conference  on 
Fatigue  of  Welded  Structures,  the  Welding  Institute, 
Abington,  Cambridge,  July  1970. 
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initiation  life  may  also  exist.  To  resolve  these  conflicting 
viewpoints,  specimens  were  prepared  with  the  weld  reinforcement 
removed  to  eliminate  the  stress  concentration  due  to  the  height 
of  the  weld  reinf orcement .  Two  sets  of  "undercut"  specimens  were 
machined  and  evaluated.  The  first  set,  designated  smooth- 
undercut,  had  the  weld  reinforcement  and  the  mill  surface  of  the 
plate  removed,  whereas  a  second  set  of  specimens,  designated 
rough-undercut,  had  just  the  weld  reinforcement  removed  without 
machining  away  any  of  the  plate  mill  surface.  For  most  of  these 
latter  specimens,  the  reinforcement  height  was  reduced  from  an 
initial  as-welded  height  of  about  1/64  to  1/8-inch  (0.5  to 
3.0  mm)  to  less  than  1/32-inch  (0.8  mm)  after  machining. 

Results  from  the  SAW  undercut  specimens  are  discussed 
first  because  results  were  obtained  for  both  as -welded  and 
smooth  SAW  specimens  (no  smooth  SMA  specimens  were  tested) .  For 
the  rough-undercut  specimens,  cracks  always  initiated  in  the 
"undercut"  region  and  the  results  were  coincident  with  the  as- 
welded  specimen  data,  whereas  for  the  smooth-undercut  specimens, 
the  results  were  consistant  with  the  smooth-specimen  data  (Fig¬ 
ures  6-2  and  8).  The  one  SAW  smooth-undercut  specimen  that 
fractured  did  so  as  a  result  of  an  internal  weld  imperfection  and 
not  a  surface-generated  crack. 

Thus,  these  data  indicate  that  the  removal  of  the  weld 
reinforcement  alone  did  not  significantly  affect  the  fatigue 
strength,  whereas  the  removal  of  the  reinforcement  plus  part  of 
the  "undercut"  region  resulted  in  a  definite  improvement  in 
fatigue  life.  These  data  also  support  those  investigators  who 
believe  that  the  difference  between  the  fatigue  strength  of  as- 
welded  versus  smooth  specimens  is  primarily  due  to  the  dele¬ 
terious  effect  of  "crack-like"  imperfections  existing  at  the  toe 
of  the  weld.  Because  after  the  smooth-undercut  specimens  were 
machined,  the  length  of  the  undercut  region  was  no  more  than  one- 
eighth  the  width  of  the  specimen.  It  may  be  fortuitous  that  all 
SMA  and  SAW  smooth-undercut  specimens  failed  from  internal  imper¬ 
fections.  It  is  not  clear  from  the  limited  data  whether  the 
contour  of  the  undercut  region  also  acts  as  a  significant  stress 
concentration  factor.  However,  for  the  SAW  weldments  examined, 
the  weld  reinforcement  itself  did  not  appear  to  add  significantly 
to  the  stress  concentration  at  the  weld  toe. 

The  data  for  the  rough-undercut  SMA  Tee-weld  specimens 
are  not  significantly  different  from  those  for  the  smooth- 
undercut  or  the  as-welded  specimens,  and  at  about  10^  cycles,  the 
data  for  the  smooth-undercut  specimens  appear  very  similar  to 
those  for  the  as-welded  specimens,  figures  6-1  and  8.  Thus, 
unlike  the  SAW  weldments,  the  SMA  weldments  show  little  differ¬ 
ence  in  the  fatigue  data  regardless  of  the  degree  to  which  the 
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weld  joint  is  ground.  However,  all  the  cracks  in  the  smooth- 
undercut  SMA  specimens  initiated  internally  near  the  bond  line, 
whereas  fatigue  cracks  in  the  rough-undercut  specimens  initiated 
at  the  toe  of  the  weld  as  observed  in  the  as-welded  specimens. 

Thus,  all  the  results  from  the  present  investigation 
for  both  SMA  and  SAW  Tee-weld  specimens  indicate  that  imperfec¬ 
tions  at  the  toe  of  the  weld  are  the  source  of  fatigue  cracks 
leading  to  the  failure  of  as-welded  or  rough-undercut  specimens. 
The  fatigue  strength  of  the  SAW  weldments  can  apparently  be 
improved  significantly  only  by  removing  the  weld  reinforcement 
and  the  undercut  region.  Although  the  data  for  the  smooth- 
undercut  SAW  specimens  of  the  present  investigation  suggest  that 
they  had  a  high-fatigue  strength  at  106  cvcles,  these  results  may 
only  reflect  the  statistically  small  probability  of  a  significant 
imperfection  being  present  in  the  short  undercut  regions  that 
remained  on  the  specimen  surface.  In  addition,  an  as-welded 
reinforcement  height  higher  than  that  obtained  in  the  present 
study  may  lead  to  a  more  severe  stress  concentration  and  atten¬ 
dant  lower  fatigue  strengths. 

6.34  Fatigue  Threshold  for  Smooth-Undercut 
and  Smooth  Specimens  _ _ 


For  both  the  smooth-undercut  and  smooth  specimens  all 
the  fatigue  cracks  initiated  internally  from  imperfections  near 
the  bond  line  of  the  weld,  Figure  9.  The  dimensions  and  loca¬ 
tions  of  these  imperfections  are  given  in  Table  5.  These  dimen¬ 
sions  were  used  to  predict  the  threshold  stress  amplitude  by 
treating  the  internal  imperfections  as  sharp  elliptical  cracks 
or,  alternative] y ,  as  rounded  internal  notches  having  a  radius 
equal  to  half  their  narrowest  dimension. 

As  described  in  Appendix  C,  assuming  that  the  imperfec¬ 
tions  behave  as  sharp  cracks  and  that  a  crack-propagation 
threshold  exists  at  a  &K  (total  range)  of  about  5.5  ksi^inch 
(6.1  MPa  /m)  (as  for  base  metal,  that  is,  assuming  no  residual 
stresses  are  present), 12)  the  corresponding  predicted  threshold 
stress  amplitude  (half  the  stress  range)  varied  from  11.5  to 
21.3  ksi  (79.3  to  146.9  MPa).  Alternatively,  assuming  that  the 


S.  T.  Rolfe  and  J.  M.  Barsom,  Fracture  and  Fatigue  Control 
in  Structures,  Prentice-Hall,  Inc.,  Englewood  Cliffs,  New 
Jersey,  1977. 
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Figure  9  Internal  Initiation  Sites  at  Imperfections  Near  the  Bond 
Line  Typical  of  Those  Found  in  the  Smooth-Undercut  and 
Smooth  SMA  and  SAW  Weldments-2X 
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imperf ections  are  rounded  notches,  the  predicted  threshold  stress 
amplitude  varied  from  24.8  to  38.0  ksi  (171  to  262  MPa).  Because 
the  actual  threshold  is  greater  than  11.5  ksi  (79.3  MPa)  but  less 
than  24.8  ksi  (171.0  MPa)  and,  in  fact,  residual  stresses  are 
present  which  if  taken  into  account  would  lead  to  an  even  more 
conservative  prediction  of  the  threshold,  th'e  present  investi¬ 
gation  shows  that  the  actual  imper f ections  must  be  less  severe 
than  a  crack  but  more  severe  than  a  notch. 

6.35  Fatigue-Crack  Initiation  at  -60°F 


Because  the  fatigue-crack-initiation  life  for  steels 
increases  with  increasing  tensile  or  yield  strength^)  and 
because  the  tensile  and  yield  strengths  of  steels  increase  with 
decreased  temperature,  the  fatigue-crack-initiation  life  of  a 
steel  tested  at  low  temperature  should  be  greater  than  at  room 
temperature. 12)  Moreover,  the  f atigue-crack-propaqation  rate  at 
low  temperatures  can  be  slower  than  at  room  temperature . 12 ) 
Consequently,  the  total  fatigue  life  of  a  component  tested  at  low 
temperature  should  be  higher  than  at  room  temperature. 

The  results  from  the  present  investigation  showed  an 
improvement  in  fatigue  performance  at  the  reduced  temperature  and 
increased  cyclic  frequency.  As-welded  SAW  specimens  cyclically 
loaded  at  -60°F  had  a  fatigue  strength  of  about  19  ksi  (131  MPa) 
for  106  cycles  at  a  frequency  of  124  cpm,  compared  with  a  fatigue 
strength  of  less  than  13  ksi  (90  MPa)  when  tested  at  room 
temperature  and  a  frequency  of  3.5  cpm.  Thus,  the  fatigue 
strength  increased  almost  twofold  at  the  lower  test  temperature 
and  higher  cyclic  frequency.  The  difference  in  fatigue  strength 
is  thought  to  be  primarily  related  to  the  effect  of  temperature 
and  not  to  cyclic  test  frequency . 12 ) 

The  observed  increase  in  fatigue  strength  at  -60°F  is 
greater  than  would  be  expected  as  a  consequence  of  increased 
yield  strength.  On  the  basis  of  the  hardness  measurements, 

Figure  2-2,  the  tensile  and  yield  strengths  of  the  base  plate  are 
lower  than  those  of  the  weld  metal  and,  presumably,  lower  than 
those  of  the  HAZ .  Thus,  the  effect  of  temperature  and  loading 
rate  will  produce  the  maximum  estimatedl2)  percentage  change  in 
fatigue  strength  for  the  base  plate  (lowest  strength  region  of 
the  weldment).  From  a  procedure  suggested  by  Irwin, 13)  the  vield 
strength  of  the  base  metal  during  the  cyclic  loading  at  -60°F 
is  estimated  to  be  86.9  ksi  (599  MPa),  in  comparison  with  the 


13) 


R.  Roberts,  G.  Irwin,  G.  Krishna,  and  B.  Yen,  "Fracture 
Toughness  of  Bridge  Steels-Phase  II  Report,"  Report  No. 
FHWA-RD-74-59 ,  September  1974. 


static  room- temperature  value  of  57  ksi  (393  MPa).  From  the  work 
of  Barsom,!^)  this  change  in  yield  strength  should  correspond  to 
an  increase  of  only  33  percent  in  the  fatigue-crack-initiation 
threshold  of  notched  specimens.  This  suggests  that,  at  most, 
only  two  thirds  of  the  observed  improvement  in  fatigue  perfor¬ 
mance  at  -60°F  were  that  at  room  temperature  can  be  attributed  to 
an  increase  in  yield  strength. 

Additional  studies  would  be  necessary  to  determine 
whether  the  improvement  was  also  a  consequence  of  other  factors 
such  as  improvement  in  crack-propagation  behavior.  What  is  most 
significant,  however,  is  that  the  reduced  temperature  did  not 
impair  the  fatigue  performance.  Because  of  fluctuations  in  the 
temperature  of  ship  structures  during  service,  it  is  questionable 
that  designers  could  utilize  improvements  in  fatigue  performance 
that  occur  as  a  result  of  low  temperatures. 
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7.0  FATIGUE-CRACK-PROPAGATION  BEHAVIOR 


7 . 1  Background 

Current  fracture-mechanics  techniques  allow  the  quanti¬ 
tative  evaluation  of  fatigue-crack-growth  rates  in  steels. 3,14) 
Evaluation  of  the  cyclic  stress-intensity  factor,  EKj,  and  the 
concomitant  fatigue-crack-growth  rate,  da/dn,  has  shown  that  the 
crack-growth  rate  for  f err ite-pearl ite  steels  is  described 
according  to  the  equation-*-^ 

da/dN  =  3.6  x  10"10  (1) 

where  da/dN  is  given  in  inches  per  cycle  and  A K  is  expressed  in 
ksi/ inch. 


In  the  absence  of  residual  tensile  stresses,  only  the 
tensile  or  crack-opening  portion  of  the  applied  iKj  is  effective 
in  crack  growth.  Variations  in  hardness  or  microstructure  in  the 
HAZ  of  a  weldment  are  expected  to  have  negligible  influence  on 
the  fatigue-crack-growth  rate  and  the  crack  path.  A  research 
project  conducted  by  U.  S.  Steel  Research  Laboratory  for  the 
National  Cooperative  Highway  Research  Program  included  the  exami¬ 
nation  of  the  fatigue-crack-growth  behavior  in  electroslag  weld¬ 
ments  of  A36  and  A588  steels.  The  results  from  this  work  showed 
that  different  microstructures  had  no  effect  on  fatigue-crack- 
growth  rate. 16)  Under  zero-to-tension  loading, residual  tensile 
stresses  have  no  effect  on  growth  rate  below  the  fatigue-rate 
transition  (a  transition  from  growth  predictable  from  Equation  1 
to  rapidly  accelerating  growth) ,  whereas  residual  compressive 


J.  M.  Barsom,  E.  J.  Imhof,  and  S.  T.  Rolfe,  "Fatigue  Crack 
Propagation  in  High  Yield-Strength  Steels,"  Engineering 
Fracture  Mechanics,  Vol .  2,  1971. 

J.  M.  Barsom,  "Fatigue-Crack  Propagation  in  Steels  of 
Various  Yield  Strengths,"  Transactions  of  the  ASME, 

Journal  of  Engineering  for  Industry,  Series  B,  Vol.  96, 

No.  4,  November  1971. 

B.  M.  Kapadia  and  E.  J.  Imhof,  Jr.,  "Fat igue-Crack  Propa¬ 
gation  in  Electroslag  Weldments,"  Flaw  Growth  and  Fracture, 
ASTM  STP  631,  American  Society  for  Testing  and  Materials, 
1977,  pp.  159-173. 


stresses,  causing  crack  closure,  may  cause  a  retardation  in 
growth  rate. 17)  These  data  also  showed  a  retardation  of 
fatigue-crack  propagation  attributed  to  residual  compressive 
stresses . 


7 . 2  Test  Procedures  and  Results 

After  cracks  were  detected  in  the  Tee-weld  specimens, 
cycling  was  continued  to  determine  the  fatigue-crack-propagation 
behavior  for  several  SAW  specimens  both  in  the  as-welded  condi¬ 
tion  and  with  the  weld  reinforcement  removed  (undercut) .  Data 
were  also  obtained  from  several  as-welded  SMA  specimens. 

For  the  first  few  specimens  tested,  the  base-plate 
region  parallel  to  the  path  of  the  weld  toe  crack  was  oolished 
and,  with  a  hardness  tester,  marked  with  a  series  of  diamond 
impressions  0.010  inch  (0.254  mm)  apart.  The  crack  propagation 
could  then  be  precisely  monitored  by  using  this  scale  on  the 
specimen  along  with  a  20X  microscope.  This  method  has  been  used 
by  BarsomlS)  to  monitor  crack  growth  in  WOL  specimens.  However, 
after  several  tests  it  became  apparent  that,  because  the  crack 
was  propagating  along  a  rough  surface  and  because  the  active 
crack  often  branched,  was  discontinuous,  or  changed  plane  or 
location,  the  precision  obtained  with  the  aforementioned  system 
was  not  warranted.  Therefore,  for  the  remaining  crack- 
propagation  tests,  crack  growth  was  monitored  by  using  the  scale 
on  the  micrometer  slide  of  the  20X  microscope  used  to  observe  the 
crack . 


Figures  5-1  to  5-9  show  both  the  location  and  initial 
and  final  surface  length  of  the  cracks  in  the  specimens  used  to 
obtain  the  propagation  data.  Sample  plots  of  surface-crack 
length  versus  cycles  during  propagation  are  presented  in 
ures  10-1  and  10-2. 


B.  M.  Kapadia,  "Influence  of  Residual  Stresses  on  Fatigue- 
Crack  Propagation  in  Electroslag  Welds,"  Fatigue  Testing 
of  Weldments,  ASTM  STP  648,  D.  W.  Hoeppner,  Ed.,  American 
Society  for  Testing  and  Materials,  1978,  pp.  244-260. 

J.  M.  Barsom  and  S.  R.  Novak,  "Subcritical  Crack  Growth  in 
Steel  Bridge  Members,"  prepared  for  the  Highway  Research 
Board,  National  Cooperative  Highway  Research  Program, 
National  Academy  of  Sciences,  U.  S.  Steel  Research, 
Monroeville,  PA,  September,  1974. 


42 


CRACK  LENGTH,  inchoi 


2.5 


C 

•C 

u 

•S  2.0 

I 

t- 

o 

z 


* 

u 

< 

IX 

o 


—  FULL  AMPLITUDE 
—  —  —  TENSION  ONLY 

PREDICTED  FINAL  GROWTH  RATE 
FROM  EQUATION  1,  REF  15 


- r - 

WELD  TYPE.  SAW 

CONDITION;  ROUGH 

UNDERCUT 

STRESS  RANGE;  ♦  15  KSI 
CODE;  8AS3 


1.5 


1.00*30- 


000  o®  O  o  o 

o  txfi 


ooooo 


J- 


20  40  60 

CYCLES  xIO  3 


80 


Figure  10-1  Fatigue  Crack  Growth  for  SMA  Tee- 
Weld  Specimen 


Figure  10-2  Fatigue  Crack  Growth  for  SAW  Tee- 
Weld  Specimen 
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7. 3  Discussion  of  Rosul ts 

With  few  exceptions,  the  fat i quo  cracks  4  or  both  the 
SMA  and  SAW  Tee  welds  propagated  perpendicular  to  the  direction 
of  applied  stress,  Figure  11.  This  was  true  regardless  o*  the 
location  of  the  initiation  site  (surface  or  subsurface)  or  weld¬ 
ment  contour.  Thus,  the  propagating  fatigue  cracks  s  ho  wee;  no 
tendency  to  remain  in  a  particular  region  of  the  KAZ  during  crack 
growt  h . 

In  some  specimens, the  cracks  grew  from  multiple  initia¬ 
tion  locations  and  subsequently  joined  together  to  form  a  Single 
crack  with  a  lower  aspect  ratio  (a/c  value1  than  any  of  the 
separate  cracks.  In  addition,  even  when  only  a  single  crack  was 
observed,  the  aspect  ratio  often  changed  greatly  during  propaga¬ 
tion  . 

7.31  .As-Welded  and  Rough-Undercut  Specimens 

All  the  fatigue  cracks  for  the  as-welued  and  rough- 
undercut  specimens  initiated  on  the  surface  of  the  specimen  at 
the  toe  of  the  transverse  weld.  Except  for  two  cracks  of  shallow 
depths,  the  crack-growth  rates  measured  on  the  surface  of  the 
specimens  were  consistent  with  the  estimates  made  with  Equa¬ 
tion  1.  This  equation  was  developed  to  describe  Region  II 
(linear  growth  rate  on  a  log-log  plot)  fatigue-crack  growth  in 
fer r i te-pear li te  steels.  It  should  be  noted  that,  because  a 
surface  crack  has  two  crack  tips  on  the  surface  of  the  specimen, 
the  total  sur f ace-crack-growth  rate  is  twice  the  value  obtained 
from  Equation  1.  For  corner  cracks  Equation  1  could  be  used  to 
estimate  the  growth  rate  both  on  the  surface  and  in  the  thickness 
direction.  Also,  even  though  all  but  one  of  the  specimens  was 
tested  under  fully  reversed  loading  (R  =  -1),  because  of  the 
presence  of  residual  tensile  stresses  in  the  weldments,  the 
compressive  as  well  as  the  tensile  portion  of  the  cyclic  stress 
must  be  included  when  calculating  the  value  of  -K  to  be  used  in 
Equation  1  above. 

For  two  typical  specimens,  the  final  slope  of  crack 
length  vs.  fatigue  cycles  (da/dN)  predicted  bv  Equation  1 
(doubled  for  other  than  corner  cracks  to  account  r or  growth  from 
both  crack  tips)  is  shown  in  Figures  10-1  and  10-2  superimposed 
on  plots  of  the  actual  surface-crack  length  and  corresponding 
cycles  during  crack  propagation.  In  addition,  the  final 
predicted  and  actual  da/dN  values,  including  data  tor  the  remain¬ 
der  of  the  specimens,  are  shown  in  Table  6.  The  K  values  for  the 
surface-cracked  specimens  were  calculated  from  an  equation 
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Figure  11 


Fatigue-Crack  Propagation  Path  in  SMA  and  SAW  T 
Weldments-Section  at  Deepest  Point  on  Crack  Front 


Table  6 


Predicted  and  Actual  Crack-Growth  Rates 
for  SMA  and  SAW  Tee  Weldments 


** 

Growth  Rate , 


Specimen 

No. 

Stress  Surface  Crack 

Amplitude,  ksi* **  Length,  in. 

a/2c 

Ratio 

in/cycle 

Predicted 

x  10~5 
Actual 

SMA  As-Welded 

2AM1+ 

29 

1.464 

0.209 

6.73 

5.56 

2  AMI 

29 

1.464 

0.209 

24.87+ 

6.67+ 

9AM1++ 

29 

1.979 

0.285 

10.62 

22.73 

9AM1 

29 

0.827 

0.405 

5.52 

3.31 

9  AM 1 

29 

0.711 

0.370 

3.80 

2.72 

3AM2+ 

24 (R=0) 

1.482 

0.166 

2.41 

3.27 

3AM2 

24 (R=0) 

1.482 

0.166 

12.94  + 

12.20+ 

4AM1+ 

24 

1.312 

0.170 

1.94 

0.24 

4AM1 

24 

1.312 

0.170 

1.22+ 

0.45  + 

9AM2++ 

20 

0.768 

0.495 

2.20 

1.80 

9  AM  2 

0.612 

0.415 

1.19 

1.21 

SAW  As-Welded 

9AS1 

24 

2.805 

0.236 

6.65 

6.85 

3AS2 

20 

1.333 

0.048 

0.02 

10.64 

SAW  Rough  Undercut 

4AS2 

18 

1.818 

0.329 

2.93 

1.94 

8  AS  3 

15 

1.651 

0.341 

1.01 

1.89 

*  R=-l  except  as  noted. 

**  Surface  crack  growth  rate  except  as  noted. 

Corner  crack.  Second  line  gives  growth  rate  in  thickness  direction. 
^  Values  for  intermediate  crack  length  also  given. 


r 


19) 

developed  by  Irwin.  '  For  the  deepest  point  on  the  crack  front, 
this  equation  may  be  expressed  in  the  form 


where 


a 

a 

'■  Y 

and  v 


K 


1.2  -a 

0.212(o/oy) 2  . 


1/2 


(2) 


the  applied  gross  stress, 

the  crack  depch, 

the  material  yield  strength, 

a  function  of  the  aspect  ratio  of  the  crack  given 
by  Equation  C-2  in  Appendix  C. 


(A  simplified  equation  for  calculating  $  is  discussed  in 
Reference  20.)  The  free-surface  correction  factor,  1.2,  in 
Equation  2  was  squared  for  the  case  of  corner  cracks.  Also, 
to  obtain  the  K  value  at  the  two  crack  tips  at  the  surface  of 
the  specimen,  the  right  side  of  Equation  2  must  be  multiplied 
by  (a/c)l/2  to  account  for  the  variation  in  I<  along  the  crack 
front!2)  (values  for  the  yield  strength  used  in  Equation  2 
were  estimated21)  from  the  hardness  at  the  3-mm  HAZ  and  the 
yield-to-tensile  ratio  of  the  base  plate) . 


A  second  set  of  calculations  was  made  by  assuming 
that  residual  stresses  were  not  present  (that  is,  only  the 
tensile  component  of  the  cyclic  stress  was  considered)  to 
verify  that,  for  fully  reversed  loading,  the  full  stress 
range  must  be  used  to  calculate  the  crack-growth  rate  when 
significant  residual  tensile  stresses  are  present  and  that 
the  use  of  the  full-stress-range  results  in  conservative 
estimates  of  the  fatigue  life.  With  few  exceptions,  these 
calculations  resulted  in  nonconservative  estimates  of  the 
crack-growth  rate,  as  shown  by  the  examples  in  Figures  10-1 


G.  R.  Irwin,  "Crack  Extension  Force  for  a  Part  Through  Crack 
in  a  Plate,"  Journal  of  Applied  Mechanics,  Vol.  29,  No.  4, 
1962,  pp.  651-654. 

J.  C.  Newman,  Jr.,  "A  Review  and  Assessment  of  the  Stress- 
Intensity  Factors  for  Surface  Cracks,"  presented  at  the 
ASTtl  Symposium  on  Part-Through  Crack  Life  Prediction,  San 
Diego,  California,  October  13-14,  1977. 


21) 


Metals  Handbook,  8th  Edition,  Vol.  1,  Properties  and  Selec¬ 
tion  of  Metals,  edited  by  T.  Lyman,  American  Societv  for 
Metals,  Novelty,  Ohio. 


and  10-2.  However,  when  tensile  residual  stresses  were  con¬ 
sidered,  Figures  10-1  and  10-2  and  Table  6  show  that,  tor  all  but 
a  few  specimens,  the  growth  rates  predicted  from  Equation  1  were 
conservative . 

One  exception  was  specimen  3AS2,  which  contained  a  very 
long,  shallow  crack  no  deeper  than  0.064  inch  (1.6  mm).  The 
extension  of  this  very  shallow  crack  may  have  occurred,  in  part, 
by  the  linking  up  of  multiple  cracks  which  initiated  at  various 
locations  ahead  of  the  primary  crack  on  the  surface  of  the  speci¬ 
men  as  was  observed  for  specimen  9AS1.  The  changing  aspect  ratio 
(a/c)  of  a  semi-elliptical  crack  extending  in  this  manner  also 
results  in  an  increasingly  severe  crack  shape  and  an  accompanying 
increase  in  the  K  value  at  the  deepest  point  on  the  crack  front. 
Other  factors  that  may  have  contributed  to  greater  than  predicted 
growth  rates  for  this  specimen  include  the  possible  nonconser¬ 
vatism  of  Equation  1  for  very  shallow  cracks,  the  possible  addi¬ 
tive  effect  of  the  geometrical  stress  concentration  existing  at 
the  weld  toe,  and  the  possible  contribution  of  residual  tensile 
stresses  to  increased  crack-growth  rates. 

An  attempt  was  also  made  to  mark  the  instantaneous 
crack  shape  during  propagation  by  decreasing  the  stress  range 
intermittently.  The  actual  crack  shape  could  then  be  determined 
and  used  to  calculate  Ak  values  corresponding  to  several  surface- 
crack  lengths.  In  a  few  instances,  it  was  possible  to  correlate 
these  intermediate  crack  shapes  with  observations  of  the  actual 
surface-crack  length.  As  shown  in  Figure  10-1  and  Table  6,  when 
these  intermediate  crack  shapes  were  known,  the  crack-growth  rate 
predicted  using  Equation  1  was  in  good  agreement  with  the  actual 
data . 


The  number  of  cycles  accumulated  between  the  first 
observation  of  the  crack  and  either  final  fracture  or  the  com¬ 
pletion  of  precracking  is  presented  in  Appendix  A  and  Figure  12. 
Additional  fatigue  life,  significant  in  some  cases,  was  observed 
after  the  initial  observation  of  the  surface  crack.  The  longer 
lives  were  probably  related  to  the  very  shallow  depth  of  some  of 
these  cracks.  Appendix  A  also  lists  the  predicted  minimum  number 
of  cycles  necessary  to  obtain  the  observed  crack  extension  as 
calculated  from  integration  of  Equation  1.  From  Appendix  A  and 
Figure  13,  the  ratio  of  the  actual  number  of  cycles  necessary  for 
a  given  amount  of  crack  extension  to  the  number  of  cycles  esti¬ 
mated  by  using  Equation  1  ranged  from  0.05  to  36.02. 
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7.32  Smooth-Undercut  and  Smooth  Specimens 


For  all  the  smooth  and  smooth-undercut  specimens  the 
fatigue  cracks  initiated  internally  from  imperfections  located 
near  the  bond  line  of  the  weld,  Figure  9,  and  thus  the  crack- 
growth  rate  could  not  be  determined  directly  during  propagation. 
The  dimensions  and  locations  of  the  internal  imperfections  are 
presented  in  Table  5. 

Crack  propagation  in  these  specimens  was  characterized 
by  comparing  the  actual  number  of  cycles  necessary  for  either 
final  fracture  of  the  specimen  or  for  a  crack  to  initiate  and 
reach  the  surface,  with  the  predicted  minimum  number  of  cycles 
(from  Equation  1)  required  for  a  crack  that  has  already  initiated 
to  extend  from  the  internal  imperfections  to  the  surface  of  the 
specimen,  Table  5.  The  ratio  of  the  actual  to  predicted  cycles 
for  crack  extension  ranged  from  0.50  to  11.02.  However,  the  two 
specimens  for  which  nonconservative  estimates  were  obtained  had 
been  cycled  at  a  total  net-section  stress  range  exceeding  the 
estimated  monotonic  yield  strength  of  the  weldments.  Therefore, 
as  the  crack  grew,  the  K  levels  for  these  specimens  increased  to 
values  much  greater  than  for  the  others,  and  much  of  the  crack 
propagation  was  probably  representative  of  Region  III  (rapidly 
accelerating  crack  growth)  rather  than  Region  II  (crack  growth 
according  to  Equation  1)  of  a  log-log  plot  of  crack  growth  rate 
and  Ak.  The  growth  rate  would,  therefore, be  expected  to  be  much 
greater  than  predicted  from  Equation  1. 
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8.0  FRACTURE -TOUGHNESS  (UNSTABLE  CRACK  EXTENSION)  BEHAVIOR 


8 . 1  Background 

In  1953,  Williams  and  Ellinger^)  reported  the  results 
of  an  extensive  investigation  of  structural  failures  in  welded 
ships.  They  noted  that  an  arc  strike  or  a  small  weld. can  cause 
rapid  cooling,  creating  a  hard  and  brittle  zone  (the  heat-affec¬ 
ted  zone  or  HAZ) .  This  brittle  zone  may  be  accompanied  by  resi¬ 
dual  stresses  due  to  restrained  thermal  contraction  and  volume 
changes  associated  with  the  metallurgical  transformations. 

In  their  study,  Williams  and  Ellinger^)  concluded  that 
over  half  the  failures  in  100  ships,  including  cargo  ships, 
tankers,  and  others,  could  be  attributed  to  a  stress  concen¬ 
tration  resulting  from  some  type  of  mechanical  notch  almost 
always  in  combination  with  an  embrittled  zone  resulting  from 
welding,  flame  cutting,  or  mechanical  working.  One  third  of 
these  fractures  were  in  defective  welds.  In  addition,  several 
initiated  at  the  junction  of  welds  where  the  HAZ's  overlapped. 

To  demonstrate  that  the  HAZ  displayed  lowered  fracture  toughness, 
a  test  similar  to  the  present  NDT  test23)  was  conducted22)  by 
making  an  arc  strike  on  a  small  piece  of  ship  plate,  cooling  it, 
and  fracturing  it  with  a  hammer.  The  fracture  energy  absorbed  by 
a  sample  taken  close  to  this  region  was  found  to  be  only  60  per¬ 
cent  of  that  in  the  base  plate.  However,  arc  strikes  and  welds 
may  produce  different  HAZ  microstructures  and  toughnesses  in 
steel  plates. 

The  present  standard  CVN^  test  was  used  in  the  1940's 
to  examine  the  fracture  toughness  of  base  plate  involved  in  many 
catastrophic  failures  of  ships.  By  the  late  1940’s,  a  technique 
had  been  developed  by  Nippes  and  Savage24)  for  heat  treating 
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specimens  to  simulate  the  material  in  a  weld  HAZ .  However,  in 
1956  Hatch  and  Hartbower25)  noted  that  this  procedure  might  be  an 
oversimplification  of  the  actual  situation  because  the  structure 
in  the  vicinity  of  the  HAZ  is  actually  not  as  uniform  as  that  of 
the  simulation  specimen.  Therefore,  Hatch  and  Hartbower25) 
tested  edge-notched  CVN  specimens  taken  from  a  bead-on-plate  weld 
and  oriented  such  that  a  crack  would  initiate  and  run  parallel  to 
the  weld,  sampling  half  weld  metal  and  half  HAZ.  This  test  was 
also  an  oversimplification  of  the  fracture  event  because  of  the 
lack  of  a  complete  weld  and  the  fact  that  normally  actual  cracks 
were  not  found  to  exist  half  in  the  weld  metal  and  half  in  the 
HAZ. 


Pellini,26)  in  1956,  cautioned  that  for  transverse 
loading  of  weldments  in  the  plastic  range,  the  relative  flow 
strength  of  the  weld  compared  with  that  of  the  base  plate  will 
determine  where  the  strain  will  be  concentrated.  He  concluded 
from  the  results  of  Kinzel  tests  conducted  by  Murphy  and  Stout^?) 
that  a  specimen  with  a  notch  simultaneously  situated  in  the  weld, 
HAZ,  and  base  plate  could  be  used  to  evaluate  the  fracture  tough¬ 
ness  of  the  HAZ.  However,  Murphy,  McMullen  and  Stout28)  noted 
that  sometimes  the  HAZ  in  the  NOT  specimen  can  be  tougher  than 
the  base  plate. 
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In  1965,  Masubuchi ,  Monroe,  and  Martin, 29)  summarizing 
the  results  of  an  extensive  literature  survey,  reported  that  SMA 
and  SAW  were  the  two  major  weld  processes  used  in  ship-hull 
construction.  About  three  fourths  of  the  total  length  of  welds 
were  fillet  joints,  primarily  made  with  the  SMA  process,  and 
about  one  fourth  were  butt  welds,  two  thirds  made  with  the  SMA 
and  one  third  made  with  the  SAW  process.  This  same  literature 
survey  contained  extensive  references  to  the  fracture  toughness 
of  weldments  and  reviewed  numerous  studies  that  evaluated  the  CVN 
toughness  at  various  locations  of  the  weld  and  HAZ. 

Although  numerous  research  programs  had  studied  crack¬ 
ing  in  the  HAZ  and  hardenability  of  the  HAZ,  only  limited  infor¬ 
mation  had  been  obtained  on  the  toughness  of  the  HAZ. 29)  (in 
those  instances  where  HAZ  CVN  specimens  were  tested,  the  notch 
tip  was  usually  situated  in  a  particular  microstructure.)  For 
.SMA  welds,  the  transition  temperature  of  the  HAZ  sometimes  was 
a  maximum  at  a  particular  location  and  improved  both  closer  to 
and  further  away  from  the  bond  line.  In  addition,  in  synthetic 
HAZ  specimens,  the  lowest  CVN  values  were  sometimes  obtained  in 
a  region  far  outside  the  zone  normally  considered  as  the  HAZ, 
although  actual  fractures  were  not  found  to  initiate  in  or 
propagate  through  this  region.  For  1/2-inch  SMA  and  SAW  weld¬ 
ments  the  lowest  toughness  region  was  found  somewhat  outside  the 
HAZ. 


In  1974,  Rolfe,  Rhea,  and  Kuzmanovic^O)  proposed 
specific  fracture-control  guidelines  for  welded  steel  ship 
hulls.  They  stated  that  these  moderate  levels  of  fracture 
toughness  in  the  hull  plate  should  be  accompanied  by  a  design 
philosophy  incorporating  the  use  of  crack  arrestors. 

Citing  a  lack  of  information  on  specific  loading  rates 
in  ship  structures,  Rolfe,  et  al.30)  assumed  dynamic  loading 
rates  and  suggested  that  there  is  a  high  probability  of  critical 
regions  in  welded  ship  hulls  being  subjected  to  dynamic  yield- 
strength  loading  (particularly  in  regions  of  stress  concentration 
where  residual  stresses  from  welding  may  be  present) .  On  the 
other  hand,  research  conducted  by  the  Ship  Structure  Committee  on 
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actual  ships'^  ^  showed  that  the  measured  maximum  nominal-strain 
rate  in  ships  during  "slamming"  conditions  was  of  the  order  of 
intermediate  loading  rates  (10“3  in. /in. /sec  or  loading  times  of 
about  1  sec)  rather  than  dynamic  loading  rates  (10  in . /in . /sec ) . 
This  is  consistent  with  the  fact  that  only  very  small  structural 
members  have  a  high  enough  frequency  response  to  be  excited  to 
such  high  straining  rates.  In  addition,  the  massive  ribbing 
construction  of  a  ship  hull  should  be  a  very  effective  damping 
mechanism  for  high-frequency  (high  strain  rate)  excitation  waves. 
Programs  to  determine  actual  loading  rates  in  ship  structures  are 
in  progress . 32 ) 

On  the  basis  of  the  assumption  of  dynamic  loading, 

Rolfe,  et  al. -*'-*)  recommended  that  at  the  minimum  service  tempera¬ 
ture  the  ratio  of  the  dynamic  fracture  toughness  to  the  dynamic 
yield  strength,  Kj^/UyD,  should  be  equal  to  0.9.  Because  this 
level  of  ductility  cannot  be  measured  directly,  they  recommended 
that  the  plate  NOT  should  be  32°F  (18°C)  below  the  minimum  ser¬ 
vice  temperature.  This  requirement  was  proposed  to  ensure  that, 
for  dynamic  loading  conditions  the  brittle- to-ductile  transition 
begins  below  the  minimum  service  temperature. 

ini 

A  second  requirement  by  Rolfe  et  al.  ’  was  recommended 
to  ensure  that  the  f racture-transition  behavior  of  the  plate 
occurs  within  a  small  temperature  range  above  the  NDT  temperature 
and  that  the  plate  does  not  exhibit  a  "low-energy"  ductile  tear¬ 
ing  behavior.  This  requirement  states  that  5/8-inch  dynamic- 
tear-test33)  (5/8  DT)  energy-absorption  values  should  be  obtained 
4 3  °F  ( 24  °C )  above  the  minimum  service  temperature.  The  required 
energy  value  increases  in  proportion  to  the  yield  strength  of  the 
material;  for  example,  290  ft-lb  (394  J)  is  required  for  a  yield 
strength  of  50  ksi  (  345  MPa),  whereas  500  ft-lb  (678  J)  is 
required  for  a  yield  strength  of  100  ksi  (690  MPa).  The  parti- 
cuJar  energy  requirements  were  derived  from  extrapolation  of 
empirical  correlations  of  the  5/8  DT  energy  absorption  and  the 
corresponding  NDT  temperatures  for  various  steel  plates  and  were 
adjusted  for  differences  in  yield  strength. 
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Commenting  on  the  work  of  Rolfe,  et  al.^O)  Hawthorne 
and  Loss34)  cautioned  that,  on  the  basis  of  their  own  study,  a 
given  ratio  of  fracture  toughness  to  yield  strength  may  not 
always  be  associated  with  a  fixed  temperature  above  NDT.  In 
their  study  of  numerous  ship  steels,  Hawthorne  and  Loss34)  found 
that  CVN  results  did  not  correlate  with  either  P3  NDT  specimen 
results  or  results  obtained  from  slightly  modified  1-inch  DT 
specimens.  However,  unpublished35)  independent  results  for 
5/8-incn- thick  specimens  from  some  of  the  identical  plates  tested 
by  Hawthorne  and  Loss34)  showed  that  the  5/8-inch  DT  energy 
estimates  obtained  from  1-inch  DT  specimens  were  significantly  in 
error . 


As  evidenced  by  the  background  information  presented 
above,  development  of  proper  toughness  criteria  to  prevent 
unstable  crack  extension  in  steel  weldments  is  a  complex  problem. 
Variations  in  yield  strength,  fracture  toughness,  and  residual 
stress,  coupled  with  the  stress  concentration  caused  by  a  weld 
reinforcement  and  possible  welding  defects,  have  resulted  in  a 
multiplicity  of  interpretations  and  toughness  criteria  for  dif¬ 
ferent  service  applications.  The  problem  is  further  complicated 
by  the  need  to  use  small-scale  specif ication  test  specimens  to 
predict  full-thickness-weldment  fracture  behavior. 

Today,  the  most  commonly  used  test  for  evaluating 
toughness  is  the  CVN  test.  Current  Coast  Guard  specifications 
require  that  for  ship-hull  weldments,  the  CVN  toughness  must  be 
evaluated  in  the  weld  metal,  at  the  fusion  line,  and  at  1  mm, 

3  mm,  and  5  mm  from  the  fusion  line — until  the  base-metal  tough¬ 
ness  is  reached.  These  specifications  generally  require  that  the 
average  toughness  of  each  area  of  the  weldment  be  no  lower  than 
some  minimum  specified  toughness  value,  independent  of  the  hard¬ 
ness  or  the  volume  of  the  part  of  the  weldment  being  tested  or 
its  location  relative  to  the  weld  reinforcement. 

Another  commonly  used  f racture-toughnes s  test  is  the 
NDT  test. 23)  This  test  method  is  used  primarily  for  evaluating 
base-metal  and  weld-metal  behavior.  The  NDT  of  a  steel  plate  has 
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been  shown  by  Shoemaker  and  Rolfe36,37)  to  correspond  to  the 
upper  bound  of  valid  dynamic  plane-strain  fracture  toughness, 
K^,  f°r  a  1-inch-thick  plate.  Thus,  the  NDT  is  both  a  quali¬ 
tative  ranking  test  of  steels  and  a  quantitative  assessment  of 
the  maximum  temperature  at  which  dynamic  plane-strain  fracture 
behavior  (brittle  behavior)  will  occur  in  a  1-inch-thick  speci¬ 
men  . 


More  recently,  the  5/8-DT  test  specimen  has  been  used 
to  assess  f racture-toughness  behavior. 38)  This  test  specimen  has 
a  greater  thickness  and,  therefore, more  through-thickness  con¬ 
straint  than  the  CVN  specimen  and  has  a  pressed  notch  rather  than 
the  V-notch  employed  in  the  CVN  specimen. 

Qualitative  correlations  between  DT  data  and  Kjc 
behavior  have  also  been  shown. 39)  However,  for  low-strength 
steels,  insufficient  data  have  been  developed  to  properly  separ¬ 
ate  and  assess  the  influence  of  specimen  loading  rate  (static 
versus  dynamic  behavior)  for  the  static  and  dynamic  I<ic  values 
and  for  the  corresponding  static  and  dynamic  DT  data. 

In  1977,  Willens^)  reported  test  results  for  HAZ  tough¬ 
ness  of  an  A537  Class  1  (formerly  Grade  A)  sulfide- 
shape-controlled  (SSC)  material  joined  by  SMA  and  SAW  welding 
processes.  This  work  showed  that,  although  sulfur  and  sulfide- 
shape  control  have  a  beneficial  effect  on  base-metal  CVN  values, 
the  HAZ  toughness  degradation  for  this  material  was  between  50 
and  100  ft-lb  (70  to  136  j)  energy  absorption,  whereas  the  HAZ 


A.  K.  Shoemaker  and  S.  T.  Rolfe,  "Static  and  Dynamic  Low- 
Temperature  Kic  Behavior  of  Steels,"  Journal  of  Basic 
Engineering,  Trans.  ASME,  September  1969. 

A.  K.  Shoemaker  and  S.  T.  Rolfe,  "The  Static  and  Dynamic 
Low-Temperature  Crack-Toughness  Performance  of  Seven  Struc¬ 
tural  Steels,"  Engineering  Fracture  Mechanics,  Vol.  2,  1971. 

W.  S.  Pellini,  "Design  Options  for  Selection  of  Fracture 
Control  Procedures  in  the  Modernization  of  Codes,  Rules 
and  Standard,"  Welding  Research  Council  Bulletin,  No.  186, 
August  1973. 


F.  J.  Loss  and  W.  S.  Pellini,  "Coupling  of  Fracture  Mechanics 
and  Transition  Temperature  Approaches  to  Fracture-Safe  Design, 
Practical  Fracture  Mechanics  for  Structural  Steels,  Chapman 
and  Hall,  London,  1969. 


56 


toughness  degradation  for  the  standard  A537A  material  was  only 
about  6  to  10  ft-lb  (8  to  14  J)  energy  absorption.  Willens2) 
noted  that  the  lowest  HAZ  toughness  shifted  from  3  mm  in  the 
standard  plate  to  the  fusion  line  in  the  SSC  plate  and  attributed 
this  shift  to  the  large  difference  in  the  weld  metal  versus  the 
base  metal  CVN  values.  Thus,  the  toughness  level  of  the  base 
metal  (or  the  weld  metal)  can  bias  the  "apparent"  location  of 
the  lowest  region  in  the  IIAZ . 

Willens^)  also  concluded  that  the  large  amount  of 
scatter  in  the  CVN  results  was  a  result  of  localized  variations 
within  the  material,  accentuated  by  variations  in  the  positioning 
of  specimens  and  the  amount  of  weld  metal  included  in  the  HAZ 
specimens.  Because  these  variations  might  not  affect  the  ulti¬ 
mate  performance,  Willens^)  recommended  that  the  CVN  test  should 
be  replaced  by  a  new  test  more  representative  of  the  fracture 
toughness  of  the  material. 

The  primary  purpose  of  the  present  study  was  to  assess 
the  use  of  various  toughness  tests  and  criteria  to  predict  the 
fracture  behavior  of  weldments  containing  a  low- toughness  HAZ. 
Natural  fatigue  cracks  were  initiated  (Section  6.0)  and  propa¬ 
gated  (Section  7.0)  to  various  sizes  in  SAW  and  SMA  butt-welded 
Tee  joints  including  those  machined  to  various  veld-reinforcement 
heights.  Thus,  the  crack  fronts  resided  in  the  various  regions  of 
the  weldments.  The  most  severe  service  conditions  of  the 
secondary  containment  shell  of  an  LNG  ship  were  used  by  loading 
these  fatigue-cracked  (surface  cracked)  specimens  to  failure  at 
an  intermediate  loading  rate  at  a  temperature  of  -60°F. 

8 . 2  Test  Procedures  and  Results 

The  fracture  toughness  of  various  regions  of  the  SMA 
and  SAW  weldments  was  first  assessed  by  using  standard-*-)  Charpy 
V-notch  (CVN)  specimens.  Emphasis  was  given  to  determining  the 
lowest  toughness  region  in  the  HAZ  at  the  specification  tempera¬ 
ture  of  -60°F .  After  the  lowest  toughness  region  of  the  weldment 
was  determined  from  the  CVN  tests,  the  toughness  behavior  of  the 
weld  metal,  lowest  toughness  HAZ,  and  transverse  base-plate 
material  were  assessed  by  using  standard  P-3  nil-ductil ity- 
transition  (NDT)23)  and  standard  5/8-inch  dynamic-tear  (DT)^3) 
specimens . 

As  a  quantitative  comparison  with  the  fracture- 
toughness  behavior  predicted  from  the  above  tests,  standard 
three-point-bend  f racture-mechanics-type  specimens^ 0)  were 

"Plane-Strain  Fracture  Toughness  of  Metallic  Materials,"  ASTM 
Standards,  Part  10,  1978,  pp .  512-533. 
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tested.  The  fatigue-crack  tip  was  situated  in  the  lowest  tough¬ 
ness  region  of  the  HAZ ,  and  the  specimens  were  tested  at  -60°F 
at  an  intermediate  loading  rate  (corresponding  to  a  strain  rate 
of  about  10-3  sec~l)  that  was  near  the  maximum  measured  during  a 
study  of  slamming  conditions  in  the  structure  of  an  actual 
ship. 31)  Finally,  to  more  closely  simulate  conditions  that  might 
occur  in  a  ship  structure,  several  of  the  fatigue-cracked  Tee- 
weld  specimens  were  tested  to  failure  at  -60°F  under  an  inter¬ 
mediate  loading  rate. 

8.21  CVN  Tests 


Standard-^  CVN  specimens  were  oriented  according  to  the 
rules  of  the  American  Bureau  of  Shipping  (ABS)4D  and  the 
U.  S.  Coast  Guard, 42)  so  that  the  notch  was  perpendicular  to  the 
plate  surface  and  parallel  to  the  weld,  and  the  region  being 
evaluated  was  located  at  the  center  of  the  notch.  The  one  varia¬ 
tion  from  the  specified  specimen  location  was  for  1-inch  plate  in 
which  specimens  were  taken  from  the  quarter-thickness  position 
closer  to  the  first  welded  side  as  well  as  that  closer  to  the 
second  welded  side.  For  testing  purposes,  the  base  plate  was 
treated  according  to  Sections  24.11  and  24.59  of  the  afore¬ 
mentioned  ABS  rules4!)  as  Grade  V-051,  a  material  for  hull 
members  which  may  be  subjected  to  temperatures  as  low  as 
-50 °F  or  -4 6 °C . 

8.211  CVN  Test  Procedure.  For  the  1-inch  plate,  CVN  blanks  were 
machined  from  the  weld  metal  and  HAZ  of  SMA  and  SAW  weldments 
made  by  joining  two  32-  by  9-inch  (813  by  229  mm)  plates  oriented 
with  the  rolling  direction  (32-inch  dimension)  parallel  to  the 
weld.  In  a  similar  manner,  CVN  blanks  were  taken  from  weldments 
of  the  1/2-inch  plate. 

Charpy  blanks  were  etched  to  reveal  the  weld  and  HAZ, 
then  marked  for  final  machining.  Specimens  were  machined  with 
the  center  of  the  notch  located  at  the  centerline  of  the  weld,  at 
the  bond  line,  and  in  the  HAZ  at  positions  1,  3,  and  5  mm  from 
the  bond  line,  Figure  14.  Base-metal  longidutinal  and  transverse 
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SINGLE-VEE  BUTTWELD 
FOR  1/2-IMCH-THICK  PLATE 


SPECIMEN  POSITIONED  AS  CLOSE  TO  SURFACE  AS  POSSIBLE 


DOU3LE-VEE  BUTTWELD 
FOR  1-INCH-THICK  PLATE 


a  CENTER  OF  WELD 
b  ON  FUSION  LINE 

c  IN  HAZ,  1  mm  (0.039  in.)  FROM  FUSION  LINE 
d  "  "  3  mm  (0.118  in.)  " 
e  "  "  5  mm  (0.197  in.)  " 


Figure  14  Orientation  and  Location  of  CVN  Specimens  Taken  from 
1-  and  1/2-Inch-Thick  SMA  and  SAW  Weldments 
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specimens  were  also  obtained.  The  CVN  specimens  were  then  tested 
to  determine  the  lowest  toughness  (lowest  energy  absorption) 
region  of  the  HAZ  at  a  temperature  of  -60°F.  The  transition 
behavior,  including  the  fracture  energy  absorbed  and  percent 
fibrous  fracture,  was  determined  for  each  location. 

8.212  CVN  Test  Results.  All  the  CVN  results  are  presented  in 
Appendix  D,  Tables  D-l  to  D-5,  and  the  results  for  the  weld 
metal,  the  HAZ  region  exhibiting  the  lowest  toughness  at  -60°F, 
and  the  transverse  base  plate  are  compared  in  Figures  15-1  to 
15-4.  These  data  show  that,  at  -60°F,  for  the  1-inch  SMA  and  SAW 
weldments,  the  location  in  the  HAZ  having  the  lowest  toughness 
occurred  from  3  to  5  mm  from  the  bond  line.  However,  the  3-mm 
position  consistently  appeared  to  have  the  lowest  toughness 
values.  For  the  1/2-inch  SMA  weldments  the  lowest  toughness 
region  in  the  HAZ  was  found  3  mm  from  the  bond  line,  and  for  the 
1/2-inch  SAW  weldments  the  lowest  toughness  region  in  the  HAZ  was 
found  1  mm  from  the  bond  line. 

For  the  1-inch  plate,  the  energy  absorption  at  -60°F 
for  the  lowest  toughness  HAZ  region  was  13  ft-lb  (18  J)  for  the 
SMA  weldments  and  14  ft-lb  (19  J)  for  the  SAW  weldments,  Fig¬ 
ures  15-1  and  15-2.  The  corresponding  energy  absorption  for  the 
SMA  and  SAW  weld  metal  was  62  ft-lb  (84  J)  and  46  ft-lb  (62  J) , 
whereas  the  energy  absorption  for  the  longitudinal  and  transverse 
base  plate  was  93  and  63  ft-lb  (127  and  86  J)  respectively. 

For  the  1/2-inch  plate  at  -60°F,  the  energy  absorption 
for  the  lowest  toughness  region  was  7  ft-lb  (9  J)  for  the  SMA 
weldments  and  11  ft-lb  (15  J)  for  the  SAW  weldments,  Fig¬ 
ures  15-3  and  15-4.  The  corresponding  energy  absorption  for  the 
SMA  and  SAW  weld  metal  was  82  ft-lb  (111  J)  and  20  ft-lb  (27  J), 
whereas  the  energy  absorption  for  the  longitudinal  and  transverse 
base  plate  was  108  and  92  ft-lb  (147  and  125  J)  respectively. 

The  CVN  values  for  both  the  base  plate  and  weld  metal 
for  both  the  1-inch  and  1/2-inch  SMA  and  SAW  weldments,  Fig¬ 
ures  15-1  to  15-4,  exceed  the  minimum  requirement  of  20  ft-lb 
(2.8  kg-m  or  27  J)  for  the  average  energy  values  for  three 
specimen?  (ABS  rules^l))  with  the  exception  of  the  1/2-inch  SAW 
weld  metal  for  which  the  results  would  only  be  marginal.  Fig¬ 
ures  15-1  and  15-3  show  that  the  CVN  values  for  the  lowest 
toughness  regions  of  the  1-  and  the  1/2-inch  SMA  weldments  would 
marginally  not  meet  and  would  not  meet  the  toughness  requirement, 
respectively.  However  Figures  15-2  and  15-4  suggest  that  for  the 
1-  and  the  1/2-inch  SAW  weldments  the  CVN  values  of  the  lowest 
toughness  regions  would  marginally  not  meet  and  would  meet  the 
20  ft-lb  requirement,  respectively.  It  is  important  to  note  that 
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.Figure  15-1  Absorbed  Energy  of  Charpy  V-Notch 
Specimens  from  1- Inch-Thick  A537 
Class  1  SMA  Weldnents 


Figure  15-2  Absorbed  Energy  of  Charpy  V-Notch 
Specimens  from  1-lnch-Thick  A537 
SAW  Weldments 
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the  ABS  specification  requires  a  20  ft-lb  minimum  average  for 
three  specimens  as  well  as  a  minimum  of  13.5  ft-lb  (1.9  kg-m  or 
18  J)  for  any  one  specimen  tested. 

8.22  5/8-Inch  DT  Tests 

Standard33)  5/8-inch  DT  specimens  were  tested  for  the 
1-inch-thick  plate  only.  The  specimens  were  obtained  from  the 
transverse  orientation  for  the  base  plate,  the  centerline  of  the 
weld  metal,  and  in  the  HAZ  3  mm  from  the  bond  line,  which  corres¬ 
ponded  to  the  lowest  toughness  HAZ  found  in  the  earlier  CVN 
tests . 

8.221  5/8-Inch  DT  Test  Procedures.  Extra-long  DT  blanks  were 
first  machined  from  the  mid-thickness  location  of  the  SMA  and  SAW 
weldments,  then  etched  to  reveal  the  weld  and  HAZ  as  was  done 
with  the  CVN  specimens.  The  blanks  were  than  marked  for  final 
machining  with  the  same  notch  orientation  as  the  CVN  specimen, 
but  with  the  3-mm  HAZ  located  at  the  two  1/3-thickness  points  of 
the  specimen.  This  location  was  chosen  so  that  the  low-toughness 
HAZ  would  be  located  in  the  highly  constrained  center  portion  of 
the  specimen,  while  at  the  same  time  a  minimum  amount  of  the 
higher  toughness  weld  and  base  metal  would  be  sampled.  From  a 
subsequent  examination  of  several  specimens,  the  actual  location 
of  the  notch  tip  at  the  1/3-thickness  points  of  the  specimen 
varied  from  2  mm  to  3  mm  from  the  bond  line  for  the  SMA  specimens 
and  from  6  mm  up  to  the  bond  line  for  the  SAW  specimens. 

8.222  5/8-Inch  DT  Test  Results.  At  -60°F  the  average  energy 
absorption  for  the  3-mm  HAZ  was  82  ft-lb  (111  J)  for  the  SMA 
welds  and  130  ft-lb  (176  J)  for  the  SAW  welds  compared  with 

82  ft-lb  (111  J)  for  the  base  plate  in  the  transverse  direction, 
254  ft-lb  (344  J)  for  the  SMA  weld  metal  and  155  ft-lb  (210  J) 
for  the  SAW  weld  metal,  Figure  16.  Thus,  at  -60°F  the  toughness 
of  the  region  3  mm  from  the  bond  line  ranked  lower  than  that  of 
the  base  plate  with  the  CVN  test  but  greater  than  or  equal  to 
that  of  the  base  plate  with  the  5/8-inch  DT  test. 

8.23  NDT  Tests 


Standard23^  NDT  specimens  were  prepared  and  tested  for 
the  1-inch-thick  plate  to  evaluate  the  centerline  weld  metal,  the 
3-mm  HAZ  position,  and  the  transverse  base  plate. 

8.231  NDT  Test  Procedures.  As  for  the  CVN  and  the  5/8-inch  DT 
specimens,  extra-long  NDT  blanks  were  first  machined  from  the  SMA 
and  SAW  weldments,  then  the  edges  of  the  blanks  were  etched  to 
reveal  the  weld  and  HAZ.  For  the  specimens  used  to  evaluate  the 
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Figure  16  Energy  Absorbed  in  5/8- Inch-Dynami c-Tear-Test 
Specimens  of  SMA  and  SAW  Welcknents  and  Trans¬ 
verse  Base  Plate 


■100  -100  -60  o 


TEMPERATURE, *F 

Figure  17  Type  P3  NDT  Test  Results  for  1-Inch-Thick  SMA 
and  SAW  Welcinents  and  Transverse  Base  Plate 
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3-mm  position,  the  blanks  were  marked  for  the  location  of  the 
brittle  weld  bead  and  the  crack-starter  notch  such  that  a  crack 
generated  from  the  brittle-weld  starter  notch  would  intersect  the 
3-mm  position  at  the  quarter-thickness  location  in  the  NDT  speci¬ 
mens.  For  the  crack  shape  determined  from  preliminary  tests, 
this  kept  the  3-mm  position  close  to  the  surface,  and  at  the  same 
time,  close  to  the  tip  of  the  crack  produced  when  the  brittle 
weld  bead  breaks  and  a  crack  "pops"  into  the  base  plate.  A  few 
of  the  SMA  and  SAW  HAZ  specimens  that  did  not  fracture  completely 
were  heat-tinted  to  mark  the  crack  and  then  fractured  at  liquid- 
nitrogen  temperature  to  reveal  the  extent  of  the  crack  "pop-in." 
The  cross  sections  revealed  that  the  running  crack  would  some¬ 
times  intercept  the  3-mm  HAZ  at  a  location  closer  to  or  farther 
from  the  surface  than  the  quarter-thickness  location.  In  addi¬ 
tion,  the  actual  crack  tip  after  pop-in  was  located  at  various 
positions  ranging  from  1.5  to  4  mm  from  the  bond  line. 

8.232  NDT  Test  Results.  The  NDT  temperature  was  -130°F 
(-90°C)  for  the  SMA  weld  metal  and  -10°F  (-23°C)  for  the  3-mm 
HAZ,  whereas  the  NDT  temperature  was  -120°F  (-84°C)  for  the  SAW 
weld  metal  and  -20°F  (-29°C)  for  the  3-mm  HAZ,  Figure  17.  Thus, 
the  measured  NDT  for  both  weld  metals  was  similar,  and  the 
measured  NDT  for  the  3-mm  location  in  both  weldments  was  similar. 
The  NDT  for  the  weld  metals  occurred  75°F  (42°C)  below  that  tor 
the  base  plate,  whereas  the  NDT  at  the  3-mm  location  occurred 
about  35°F  (19°C)  above  the  base-plate  value  of  -50°F  (-46°C) . 
Therefore,  the  NDT  test  ranked  the  toughness  of  the  3-mm  posi¬ 
tion,  compared  with  that  of  the  base  plate,  in  the  same  order  as 
the  CVN  test  but  in  the  opposite  order  from  the  DT  test. 

8.24  Three-Point-Bend  Kc  Tests 


As  a  means  of  quantitatively  assessing  the  fracture 
toughness  of  the  lowest  toughness  position  in  the  HAZ,  as  deter¬ 
mined  from  the  results  of  the  CVN,  DT,  and  NDT  tests,  three 
standard^)  full-thickness  fracture-toughness  specimens  were 
prepared  from  the  low-toughness  location.  The  specimens  were 
tested  at  -60°F  at  a  loading  rate  that  produced  maximum  load  in 
1.2  to  3.4  seconds  if  linear  elastic  rracture  behavior  occurred. 

8.241  Three-Point-Bend  Kc  Test  Procedures.  Extra-long  blanks 
were  machined,  etched  to  reveal  the  weld  and  HAZ,  then  marked  tor 
final  machining.  The  specimens  were  then  edge-notched  with  the 
notch  parallel  to  the  weld  such  that  the  lowest  toughness  region 
was  located  at  the  two  1/3-thickness  points  of  the  specimen  as 
for  the  5/8-inch  DT  specimens.  As  for  the  DT  specimens,  this 
procedure  located  the  3-mm  HAZ  in  the  highly  constrained  oortion 
of  the  specimen  and,  at  the  same  time,  minimized  the  amount  of 
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the  higher  toughness  weld  and  base  metal  sampled.  However, 
because  of  the  uneven  nature  of  both  the  bond  line  and  the 
fatigue-crack  tip,  in  some  cases  the  fatigue  crack  at  the 
1/3-thickness  positions  actually  intercepted  the  3-  to  7-mm  HAZ 
of  the  SMA  specimens  and  the  7-  to  9-mm  HAZ  of  the  SAW  specimens. 

Earlier^^)  studies  had  been  conducted  to  obtain  fatigue 
cracks  that  sample  parts  of  the  weld  metal,  bond  line,  and  HAZ  of 
weldments.  Because  these  studies  indicated  that  it  is  difficult 
to  obtain  an  even  fatigue  crack  front,  the  normal  fatigue¬ 
cracking  procedure^)  was  modified.  The  specimens  were 
first  precracked  in  three-point-bending  compression-compression 
loading  at  an  R  ratio  of  0.1,  with  the  same  loads  that  would 
have  been  used  in  tension-tension  loading.  After  a  crack 
initiated  and  had  grown  an  average  of  at  least  0.050  inch 
(1.27  mm),  the  specimens  were  reversed  and  the  precracking  was 
completed  in  the  usual  manner.  During  this  final  precracking 
stage, the  maximum  K-level  was  less  than  about  27  ksi/inch 
(29.6  MPafm)  for  all  except  specimen  llAMl_for  which  the 
maximum  K-level  was  35.5  ksi/inch  (39  MPa/m) .  The  total 
surface-crack  extension  was  0.249  to  0.882  inch  (6.3  to  22.4  mm). 

Even  with  this  modified  precracking  procedure,  it  was 
found,  after  testing,  that  the  fatigue  cracks  were  much  shorter 
in  the  HAZ  or  base  metal  located  in  the  mid-thickness  portion  of 
the  specimen  than  in  the  weld  metal  or  HAZ  located  near  the 
surfaces  of  the  specimen.  The  difference  in  crack  length  at 
these  two  locations  varied  from  0.063  to  0.307  inch  (1.60  to 
7.80  mm).  The  fatigue-cracked  specimens  were  tested  at  -60°F 
at  the  intermediate  loading  rate  described  above.  Load  versus 
clip-gage  displacement  and  load  versus  time  records  were 
obtained . 

8.242  Three-Point-Bend  Kc  Test  Results.  Sample  load  versus 
clip-gage  displacement  (P  vs.  Vg)  and  load  versus  time  records 
are  shown  in  Figure  18,  and  the  test  results  are  presented  in 
Table  7.  No  valid^O)  Kjc  values  were  obtained  because  (1)  the 
measurement  capacity  was  limited  by  the  one-inch- thick  specimen, 

(2)  the  fatigue-crack  front  for  most  specimens  was  uneven,  and 

(3)  except  for  one  SAW  specimen,  the  ratio  of  the  fracture  load 
to  the  five  percent  secant  load  exceeded  1.1. _  Kq  values  ranged 
from  65.1  to  69.7  ksi/inch  (71.5  to  76.5  MPa/m)  for  the  SMA_ 
specimens  and  from  71.6  to  78.2  ksi/inch  (78.6  to  85.9  MPa^m)  for 
the  SAW  specimens,  whereas  Kmax  values  ranged  from  78.7  to 
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A.  K.  Shoemaker  and  J.  F.  Sovak,  unpublished  research, 
U.  S.  Steel  Research,  Monroeville,  PA,  July  1978. 


LOAD,  kips 


Figure  18  Sample  Test  Records  of  Intermediate-Strain- 
Rate  Three-Point-Bend  Fracture-Mechanics 
Specimen  at  -60°F  (-51°C)  SAW  Weldment  with 
Crack  in  3mm  Zone  of  HAZ 


67 


Intermediate-Strain-Rate  Three-Point-Bend  KIc  Specimen  Result* 
-60° F  for  1-Inch  SMA  and  SAW  Weldments  (Crack  in  3-ffm  Region  of  HAZ) 
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91.4  ksiy inch  (86.4  to  100.4  MPa/m)  for  the  SMA  specimens  and 
from  81.7  to  88.7  ksi/inch  (89.7  to  97.4  MPa/m)  for  the  SAW 
specimens.  The  K  values  were  calculated  by  using  the  following 

equation^) 


K 


PS 


BW 


3/2 


(3) 


where 

P  =  the  applied  load, 

S  =  the  3-point  bend  span, 
a  =  the  crack  length, 

W  =  the  specimen  depth, 

B  =  the  specimen  thickness,  and 

f (|)=  a  function  of  the  relative  crack  length  given  in 
Reference  40. 


8.25  Fracture-Toughness  Tests  for 
Surface-Cracked  Specimens 

The  most  meaningful  assessment  of  the  significance  of  a 
low- toughness  IIAZ  in  a  weldment  is  that  determined  from  tests  in 
which  the  weldment  is  cylically  loaded  to  develop  a  fatigue  crack 
in  a  natural  and  not  an  artificial  or  predetermined  manner.  A 
series  of  fatigue-cracked  specimens  were  obtained  and  tested  to 
serve  as  the  "base-line"  data  to  which  all  of  the  other  toughness- 
test  results  were  compared.  These  surface-cracked  specimens  were 
cyclically  loaded  to  extend  the  fatigue  cracks  nenerated  during 
the  fatigue  tests  of  the  various  types  of  1-inch-thick  Tee  weld¬ 
ments.  A  variety  of  crack  sizes  was  deliberately  obtained  to 
assess  any  differences  that  might  occur  in  the  fracture  behavior 
of  the  weldments  when  the  fatigue-crack  front  was  located  in 
various  regions  of  the  HAZ.  The  specimens  were  loaded  to  frac¬ 
ture  at  -60°F  at  intermediate  loading  rates. 


8.251  Fracture-Toughness  Test  Procedures  for  Surface-Cracked 
Specimens .  Because  there  is  no  standard  test  method  for  this 
type  of  specimen,  specimens  selected  for  the  fracture  tests  were 
representative  of  those  containing  both  small  and  larqe  cracks. 
The  cracks  were  usually  thumbnail  shaped.  The  suriace  fatigue- 
crack  length  ranged  from  0.792  to  3.499  inches  (20.1  to  88.9  mm) 
and  the  crack-depth  to  surface-crack-length  (a/2c)  ratio  ranged 
from  0.048  to  0.556,  Table  8.  The  ratio  of  the  net  to  gross 
section  area  varied  from  0.486  to  0.978.  On  each  specimen,  a 
clip  gage  was  mounted  on  two  blocks  bonded  to  the  surface  of  the 
specimen  across  the  crack  mouth  at  the  location  estimated  to  have 
the  maximum  crack  depth.  Thus, the  clip  gage  recorded  the  surface 
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crack-opening  displacement.  A  strain  gage  was  bonded  to  the 
opposite  surface  of  the  specimen  at  the  location  opposite  that  of 
the  clip  gage.  In  addition,  on  several  specimens  strain  gages 
were  mounted  at  other  locations.  For  example,  strain  gages  were 
mounted  on  opposite  faces  of  the  specimen  to  determine  whether 
bending  stresses  occurred  as  a  consequence  of  the  unsymmetrical 
nature  of  the  fatigue-cracked  cross  section. 

8.252  Fracture-Toughness  Test  Results  for  Surface-Cracked 
Specimens .  The  results  from  the  sur f ace-cracked  specimens  are 
presented  in  Table  8,  and  the  fracture  surfaces  are  shown  in 
Figures  19-1  to  19-4.  The  maximum  nominal  gross  stress  ranged 
from  19.6  to  82.5  ksi  (135  to  569  MPa)  and  the  maximum  nominal 
net  stress  ranged  from  40.3  to  85.1  ksi  (278  to  587  MPa).  How¬ 
ever,  because  the  surface  cracks  extended  primarily  from  one  face 
of  the  specimens,  creating  an  eccentric  geometry,  the  actual  net 
section  stress  at  the  cracked  surface  of  the  specimen  was 
increased  because  of  bending,  with  the  amount  of  bending  stress 
dependent  on  the  size  and  shape  of  the  crack. 

The  difference  in  stress  between  the  front  and  back 
surfaces  of  the  specimen  was  estimated  (bv  a  method  similar  to 
that  of  Bryan,  et  al.44))  by  assuming  that  the  resultant  of  the 
nominal  stress  that  would  have  been  supported  by  the  cracked  area 
acts  at  the  centroid  of  the  crack  area.  This  force  creates  a 
hending  moment  in  the  plane  of  the  crack,  which  is  then  resisted 
by  a  stress  differential  between  the  front  and  back  faces  of  the 
specimen.  The  value  of  this  differential  stress  is  shown  in 
Table  8  and  was  used  in  calculating  the  stress-intensity  factor 
(Kc). 


The  clip-gage  displacement  across  the  mouth  of  the 
crack  at  instability  or  maximum  load  ranged  from  1.2  to  more  than 
74.7  mils*  (0.030  to  1.897  mm),  and  the  strain  opposite  the  crack 
ranged  from  -50  to  16,880  microinches/inch.  Table  8. 

8 . 3  Discussion  of  Results 
8.31  Charpy  V-Notch  Toughness  Results 

The  surf ide-shaped-controlled  A537  Class  I  plate  and 
welding  conditions  chosen  for  the  present  investigation  were 


R.  H.  Bryan,  et  al.,  "Tests  of  6-Inch  Thick  Pressure  Vessels. 
Series  2:  Intermediate  Test  Vessels  V-3,  V-4 ,  and  V-6," 
ORNL-59-59,  Oak  Ridge  National  Laboratory,  Oak  Ridge, 
Tennessee,  November  1975. 

*  1  mil  =  0.001  in.  =  0.0254  mm 
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Intermediate-Strain-Rate  Surface-Cracked  (PTC)  Specimen  Results 
at  -60°F  for  SM A  and  SAW  Tee  Weldments _ 
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(Continued) 
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++  Not  determined. 

+++  Very  large  fatigue  crack  resulted  in  large  bending  stress,  aG  -  19.6  ksi,  aN  *  40.3  ksi. 
±  Specimen  did  not  fracture — held  at  maximum  of  load  range. 
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Figure  19-1  Fracture  Surfaces  of  As-Welded  SKA  Tee  Weldments 
Tested  at  Interred i a  to  St.tain  Mate  at  -60  F 
(  -  b  1 '  C  )  -  1  XMaun  it  id!  lun 


Figure  19-2 
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19-3 


Fracture  Surfaces  of  Rough-Undercut  SAW  Tee 
Weldments  Tested  at  Intermediate  Strain  Rate 
at  -60°F  (~51°C)  -  IXMagnification 
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4AM2 


SMA  SMOOTH-UNDERCUT 


8  AM 1 


SMA  SMOOTH-UNDERCUT 


7AS2 


SAW  SMOOTH 

r-.  &  Fv'arturp  Surfaces  of  Smooth-Undercut  SMA  and  Smooth 

Figure  1  We1dments  Tested  at  Intermediate  Strain  Rate 

f_si°n  -  IXMaqnification 
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selected  to  deliberately  obtain  a  weldment  exhibiting  a  low¬ 
toughness  HAZ .  Earlier  investigations^ )  of  this  plate  and  sma 
welding  found  a  toughness  range  of  12  to  65  ft-lb  (16  to  88  J)  in 
the  3-mm  region  of  the  HAZ  at  -60°F,  Figure  15-1. 

The  weldment  is  atypical  because  the  marginal-toughness 
region  in  the  HAZ  occurred  even  though  the  base-plate  toughness 
was  50  to  70  ft-lb  (68  to  95  J)  in  the  transverse  direction  of 
the  1-inch-thick  plate,  Figure  15-1.  The  corresponding  vTeld 
metal  toughness,  also  shown  in  Figure  15-1,  was  40  to  70  ft-lb 
(54  to  95  J) .  Hence,  the  lowest  toughness  region  in  the  HAZ  had 
only  25  to  30  percent  of  the  energy  absorption  of  the  base  metal 
and  weld  metal.  Conversely,  the  steel  initially  chosen  for  the 
present  investigation  was  ABS-CS  plate.  Even  utilizing  a  wide 
range  of  welding  consumables  and  heat  inputs,  the  lowest  tough¬ 
ness  region  in  the  HAZ  at  -60°F  always  had  a  toughness  at  least 
as  great  as  that  of  the  base  metal  or  weld  metal,  Appendix 
Supplement. 

Because  of  the  wide  variation  between  the  minimum¬ 
toughness  region  of  the  HAZ  and  the  adjacent  base  metal  and  weld 
metal,  attention  was  focused  on  the  minimum  rather  than  the 
average  toughness.  The  Charpy  specimen  orientation  required  by 
the  specification, 41)  Figure  14,  will  always  locate  a  significant 
portion  of  the  notch  in  the  base  metal  and/or  weld  metal  even 
though  the  notch  is  centered  on  the  specific  location  in  the  HAZ 
that  is  to  be  tested.  Hence,  the  higher  toughness  of  the  base 
metal  or  weld  metal  will  "mask"  the  actual  toughness  of  small 
regions  in  the  HAZ.  For  example,  for  the  1-inch  plate  two  differ¬ 
ent  SMA  and  two  different  SAW  weldments  were  used  to  determine 
the  CVN  results.  For  each  welding  procedure,  a  preliminary 
weldment.  A,  was  used  to  evaluate  the  Charpy  values  at  -60°f 
whereas  a  second  weldment,  B,  was  used  to  obtain  data  at  other 
temperatures  (full  Charpy  transition  curves).  Appendix  Table  0-1 
and  D-2. 

Table  9  summarizes  the  lowest  toughness  values 
at  -60°F  obtained  from  each  set  of  weldments.  For  weldment  B,  the 
average  and  minimum  values  were  evaluated  at  -60°F  by  calculating 
the  values  in  proportion  to  the  corresponding  results  obtained 
at  -50°  and  -75°F,  Appendix  Tables  D-l  to  D-4.  The  data  scatter 
within  a  weldment  and  between  weldments  that  may  be  partially 
attributed  to  the  aforementioned  "masking"  is  exemplified  by  the 
results  obtained  for  the  1-inch-thick  SAW  weldment.  At  the 
3-mm  position  of  SAW  weldment  B,  the  calculated  minimum  and 
average  values  were  23  and  27  ft-lb  respectively,  whereas  the 
values  measured  at  -60°F  for  weldment  A  were  14  and  16  ft-lb, 
respectively.  Thus,  in  the  present  study,  attention  was  focused 
on  the  minimum  or  lower  bound  values  for  each  set  of  weldments, 
which  represents  a  conservative  viewpoint. 
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The  salient  feature  of  the  Charpy  results  for  all  four 
weldments  is  that  some  region  in  the  HAZ  always  exhibited  tough¬ 
ness  values  less  than  20  ft-lb,  Table  9.  Because  the  weld-metal 
and  base-plate  toughness  values  were  at  least  twice  as  high  as 
these  minimums,  the  adjacent  high- toughness  regions  tended  to 
mask  the  measurement  of  the  minimum-toughness  regions.  To 
further  document  this  "masking"  effect,  surface-notched  Charpy 
specimens  were  obtained  from  the  1-inch-thick  SMA  weldments. 

Table  9.  The  notch  was  oriented  parallel  to  the  plate  surface  so 
that  the  entire  tip  of  the  notch  was  located  in  the  region  of  the 
HAZ  to  be  evaluated.  Whereas  the  conventional  Charpy  specimen 
orientation  resulted  in  a  minimum  toughness  value  of  12  ft-lb 
at  the  3-mm  location,  the  surface-notch-orientation  result  was  a 
minimum  of  8  ft-lb  (11  J) .  Thus,  it  must  be  assumed  that  very 
small  regions  in  the  HAZ  have  toughness  values  lower  than  those 
indicated  by  the  results  in  Table  9. 

A  prediction  of  the  flaw  tolerance  at  -60°F  can  now  be 
made  from  the  weldment  Charpy  data.  Barsom45)  has  shown  that  at 
a  specified  strain  rate  the  brittle-to-ductile  fracture-initia¬ 
tion  transition  occurs  at  the  same  temperature  in  the  Charpy  test 
as  in  the  fracture-mechanics  Kjc  test.  This  transition  occurred 
at  the  temperature  corresponding  to  about  15  to  25  ft-lb  (20  to 
34  J)  energy  absorption  in  the  Charpy  specimen  for  the  3-mm  HAZ 
of  the  present  weldments,  Figures  15-1  and  15-2.  If  a  value  of 
20  ft-lb  is  used,  the  brittle-to-ductile  fracture-initiation 
transition  for  impact  loading  occurs  at  -45°F  (-43°C)  for  the 
3-mm  position  in  the  1-inch  SMA  and  SAW  weldments.  Figures  15-1 
and  15-2,  respectively. 

In  assessing  flaw  tolerance  for  an  intermediate  rather 
than  impact  strain  rate  (a  rise  time  of  about  one  second  rather 
than  one  millisecond),  Barsom^®)  has  shown  that  the  fracture- 
initiation  transition  temperature  is  shifted  downward  from  that 
obtained  with  impact  loading  according  to  the  equation 

aT  =  2/3  (215-1.5a  )  (4) 

ys 


J.  M .  Barsom,  "Relationship  Between  Plane-Strain  Ductility 
and  KIc  for  Various  Steels,"  Journal  of  Engineering  for 
Industry,  November  1971,  pp.  1209-1215. 

J.  M.  Barsom,  "Development  of  the  AASHTO  Fracture-Toughness 
Requirements  for  Bridge  Steels,"  Engineering  fracture 
Mechanics,  Vol.  7,  No.  3,  September  1975. 


Table  9 


Charpy  V-Notch  Energy  Absorption  (ft-lb)  at  -60°F  for 
1-  and  1/2-Inch  A537  SMA  and  SAW 
Weldments 


Weld 

Bond 

Base 

Plate 

Metal 

Line 

1  mm 

3  mm 

5  mm 

Longitudinal 

Transverse 

1^ 

Inch 

SMA* 

Average 

64 

35 

42 

17 

14 

169 

69 

Minimum 

63 

32 

21 

12 

13 

109 

64 

ir. 

Inch 

SAW* 

Average 

57 

34 

19 

16 

20 

Minimum 

46 

30 

17 

14 

15 

1/2 

-Inch 

SMA 

Average 

86 

75 

34 

15 

46 

114 

96 

Minimum 

80 

43 

21 

7 

16 

109 

93 

1/2 

-Inch 

SAW* 

Average 

25 

26 

28 

66 

61 

Minimum 

23 

25 

13 

56 

55 

1^ 

Inch  SMA 

(Surface  Notched) 

Average 

56 

14 

50 

Minimum 

46 

8 

36 

*  Average  and  minimum  values  are  the  smaller  of  the  values  determined 
from  two  different  weldments.  Weldment  A  tested  at  -60°F  and  Weld¬ 
ment  B  tested  at  -50  and  -75F  (value  at  -60F  determined  in  proportion 
to  values  measured  at  -50  and  -75F) . 


where 


at 

and  a 

ys 


the  temperature  shift,  °F 

the  room  temperature  static  yield  strength,  ksi. 


Hardness  surveys  of  the  weldments  shoved  that  the 
3-mm  location  in  both  the  SMA  and  SAW  weldments  was  a  maximum  of 
about  193  DPH,  corresponding^ 1 )  to  a  tensile  strength  of  89.2  ksi 
(615  MPa),  Table  10.  If  it  is  assumed  that  the  yield  to  tensile 
ratio  for  the  HAZ  is  the  same  as  that  for  the  base  plate  (57.0/ 
76.2  =  0.75),  then  the  3-mm  positions  in  both  the  SMA  and  SAW 
weldments  would  have  a  maximum  yield  strength  of  about  67  ksi 
(462  MPa) .  Use  of  67  ksi  in  Equation  4  predicts  a  shift  in  the 
fracture-initiation  transition  temperature  from  a  dynamic  to  an 
intermediate  loading  rate  of  -76°F  (-42°C). 


Hence,  if  an  energy  absorption  of  20  ft-lb  (27  J) 
corresponds  to  the  br i ttle- to-ductile  transition  temperature  in 
the  impact  test  of  the  Charpy  specimen,  for  an  intermediate 
loading  rate  in  the  structure,  the  3-mm  positions  in  the  SMA  and 
SAW  weldments  should  exhibit  transition-temperature  behavior  at 
about  -121°F  (-85°C) .  For  several  structural  steels  of  up  to 
50  ksi  (345  MPa)  yield  strength,  the  temperature  at  which  non- 
plane-strain  (ductile)  behavior  occurs  is  about  50°F  (28°C)  above 
this  transition  temperature.  Thus,  applving  a  50°m  shift  pre¬ 
dicts  elastic-plastic  fracture-initiation  behavior  at  inter¬ 
mediate  loading  rates  down  to  -71°F  (-57°C)  in  the  3-mm  location 
of  the  1-inch  SMA  and  SAW  weldments.  If  the  actual  yield  to 
tensile  ratio  is  0.85  rather  than  0.75,  the  predicted  minimum 
temperature  for  elastic-plastic  behavior  increases  10°f  (6°C) . 

Thus,  the  predicted  fracture  behavior  of  specimens 
containing  real  cracks  tested  at  -60°F  and  an  intermediate 
loading  rate  is  predicted  to  be  elastic-plastic  (non  plane 
strain) .  If  the  yield  strength  of  a  region  in  the  HAZ  is  signi¬ 
ficantly  higher  than  estimated  or  if  the  actual  Charpy  toughness 
at  -60°F  is  less  than  the  required  20  ft-lb,  as  was  actually 
measured,  then  fracture  under  plane-strain  conditions  might  be 
expected. 

8.32  Nil-Ductility  Transition-Temperature  Results 


Because  of  the  variation  in  strength  and  toughness  in 
the  various  regions  of  the  weldments,  many  of t the  NDT  specimens 
exhibited  cracking  away  from  the  crack-starter  notch  in  the 
brittle  weld  bead,  Figure  17.  This  was  particularly  evident  in 
specimens  used  to  establish  the  SVA  weld-metal  NDT  temperature. 
Because  the  weld  metal  had  higher  strength  and  toughness  than  the 
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Table  10 


Room-Temperature  Static  Tensile  and  Yield  Strengths 
in  Various  Regions  of  the  IIA2  of  1-Inch 
SMA  and  SAW  Weldments  (Estimated  from  Hardness 
_ (DPH)  Measurements) _ 


Maximum 

Location  Hardness,  DPH  °ts,*  ksi  qy,**  ksi 

SMA  Weldment 


Bond  Line 

245 

114.0 

85.5 

1  mm 

247 

114.8 

86.1 

3  mm 

193 

89.2 

66.9 

5  mm 

185 

86.0 

64.5 

SAW  Weldment 

Bond  Line 

216 

99.4 

74.6 

1  mm 

213 

98.2 

73.7 

3  mm 

193 

89.2 

66.9 

5  mm 

187 

86.8 

65.1 

*  Estimated  using  Reference  21. 

**  Assuming  °y/°ts  =  0*75. 
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adjacent  regions  of  the  HAZ ,  cracks  would  initiate  and  propagate 
in  the  HAZ  rather  than  from  the  root  of  the  notch  cut  in  the 
brittle  crack-starter  bead  located  above  the  weld  metal.  The 
measured  NDT  for  the  SMA  and  SAW  weld  metals  were  -130  and 
-120°F  (-90  and  -84 °C) ,  respectively.  The  measured  NDT  for  the 
corresponding  3-mm  HAZ  in  these  weldments  were  -10°F  and  -20° F 
(-23  and  -29°C)  ,  respectively,  whereas  the  NDT  for  the  base  plate 
was  -50°F  (-46 °C)  . 

As  indicated  in  the  previous  section,  the  high-tough¬ 
ness  regions  of  the  weld  and  base  plate  may  have  "masked"  the 
actual  Charpy  toughness  values  in  the  lowest  toughness  region  of 
the  HAZ.  The  NDT  values  for  the  HAZ  of  both  the  SMA  and  SAW 
weldments  add  further  credence  to  this  concern.  In  many  hot- 
rolled  structural  steels  and  weld  metals  of  about  50  ksi 
(345  MPa)  yield  strength,  a  10  to  30  ft-lb  (14  to  41  J)  Charpy 
V-Notch  energy  absorption  is  obtained  at  the  NDT  tempera¬ 
ture.  47,48)  Although  minimums  near  these  energy  levels  were 
observed  at  -40  to  -60°F  (-40  to  -51°C)  in  the  HAZ  of  the  1-inch- 
thick  SMA  and  SAW  weldments ,  the  respective  NDT  temperatures 
were  -10  and  -20°F  (-23  and  -29°C)  or  about  40  to  50°p  (22  to 
28 °C)  higher  than  expected  on  the  basis  of  the  CVN  results. 
Although  the  CVN  energy  absorption  can  increase  rapidly  over  a 
small  temperature  range  for  some  steels,  these  higher  than  expec¬ 
ted  NDT  temperatures  suggest  that  15  ft-lb  (20  J)  values  in  the 
3-mm  position  could  be  obtained  at  much  higher  temperatures. 

The  reduction  in  toughness  of  the  HAZ  of  the  base  plate 
is  further  exemplified  by  the  difference  between  the  base  plate 
NDT  temperature  of  -50°F  (-46°C)  and  the  base  plate  15  ft-lb 
Charpy  energy  temperature  of  -100°F  (-73°C).  An  embrittled 
region  can  also  occur  in  the  HAZ  as  a  result  of  the  deposition  of 
the  hard-X  crack-starter  weld  bead  on  the  base-  plate  samples. 

If  this  embrittled  region  has  very  low  toughness,  a  larger  crack 
is  produced  at  "pop-in"  from  the  brittle  weld  bead,  and  a  corres¬ 
pondingly  higher  NDT  temperature  is  obtained  than  for  a  steel 
that  does  not  exhibit  a  low- toughness  HAZ.  Thus,  the  NDT  values 
obtained  can  be  representative  of  the  HAZ  created  by  the  brittle 
crack-starter  weld  rather  than  the  base  plate. 47)  in  comparison, 
the  1-inch  SMA  and  SAW  weld  metals  each  exhibited  15  ft-lb  Charpy 

47) 

J.  H.  Gross,  "Comparison  of  Charpy  V-Notch  and  Drop-Weight 
Tests  for  Structural  Steels,"  The  Welding  Journal,  Vol.  39, 
No.  2,  February  1960,  Research  Supplement  59s-69s. 

48) 

W.  S.  Pellini,  "Notch  Ductility  of  Weld  Metal,"  The  Welding 
Journal,  Vol.  35,  No.  5,  May  1956,  Research  Supplement 
217s-233s. 
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energy-absorption  values  at  their  respective  NDT  temperature, 
namely  -130  and  -120°F  (-90  and  -85°C) ,  Figures  15-1  and  15-2. 

The  limit  of  plane  strain  or  brittle,  unstable  crack 
extension  for  testing  at  an  intermediate  loading  rate  at  -60°f 
can  now  be  estimated  from  the  NDT  results.  Shoemaker  and 
Rolfe36,37)  have  shown  that  the  NDT  temperature  represents  the 
limit  of  dynamic  plane-strain  behavior  in  1-inch-thick  plate.  On 
the  basis  of  the  same  arguments  discussed  in  the  previous  section 
for  the  Charpy  results,  the  predicted  brittle  to  ductile  tran¬ 
sition  temperature  for  intermediate  loading  rates  (assuming  a 
yield  to  tensile  ratio  of  0.75)  should  occur  76°F  (42°C)  below 
the  NDT  temperature  obtained  under  impact  loading.  Hence,  for 
the  3-rnrn  positions  in  the  SMA  and  SAW  weldments,  completely 
brittle  fracture  would  be  expected  only  at  temperatures 
below  -86°F  and  -96°F  (-66  and  -71°C) ,  respectively,  at  an  inter¬ 
mediate  loading  rate.  Thus,  elastic-plastic  behavior  at  -60°F 
is  predicted  from  the  NDT  data  and  an  intermediate  rate  of  load¬ 
ing. 

8.33  5/8-Inch  Dynamic-Tear-Test  Specimen  Results 

Like  the  CVN  results,  the  5/8-inch  DT  test  results  also 
indicated  that  an  increase  in  energy  absorption  (fracture  tran¬ 
sition  from  brittle  to  ductile  behavior)  occurred  for  specimens 
from  the  3-mm  positions  of  the  SMA  and  SAW  weldments  at  a  tempera¬ 
ture  about  40  to  50 °F  (22  to  28°C)  above  the  transition  tempera¬ 
ture  of  the  base  plate,  Figure  16.  Because  the  thickness  of  the 
DT  specimen,  namely  5/8-inch  (15.9  mm),  is  greater  than  that  of 
the  CVN  specimen  (0.394-inch  or  10  mm),  the  actual  low- toughness 
region  and  corresponding  energy  value  may  be  "masked"  by  the 
adjacent  higher  toughness  weld  metal  or  base  metal  to  a  greater 
extent  in  the  dynamic  tear  than  in  the  CVN  test. 

Rolfe  et  al.^0)  have  suggested  criteria,  alleged  to 
ensure  a  reasonable  level  of  fracture  toughness,  that  incorporate 
tests  of  5/8-DT  and  NDT  specimens  and  the  assumption  that  a  ship 
hull  is  subjected  to  impact  loading.  With  the  assumption  of 
impact  loading,  an  NDT  temperature  at  least  32°F  (18°C)  below  the 
minimum  service  temperature  is  required.  Because  the  minimum 
service  temperature  for  the  material  of  the  present  investigation 
is  -50°F  (~46°C),  an  NDT  lower  than  -82°F  (-63°C)  is  required. 

In  addition,  a  minimum  5/8-DT  energy  75°F  (42°C)  above  the 
maximum  permissible  NDT  temperature,  or  -7°F  (-22°C)  for  the 
present  material,  is  also  required.  The  required  minimum 
5/8-DT  energy  absorption  is  a  function  of  the  vield  strength 
according  to  the  equation^) 
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where 


DT 

and  a 

y 


the  5/8-DT  energy  absorption,  ft-lb. 

the  static  yield  strength  at  the  test  temperature,  ksi. 


Thus,  for  the  different  yield  strengths  of  the  various  regions  of 
the  weldments,  the  minimum  required  energy  varies  from  340  ft-lb 
(461  J)  for  the  base  plate  to  449  ft-lb  (609  J)  for  the  SKA.  weld 
metal,  Table  11. 


Examination  of  the  5/8-DT  energy  curves  shows  that  the 
only  region  of  the  weldments  that  would  meet  these  criteria  is 
the  SMA  weld  metal,  Figure  16.  The  base  metal  and  3-mm  positions 
in  both  weldments  would  fail  to  meet  both  the  maximum-NDT-tempera- 
ture  criterion  of  -82°F  and  the  5/8-DT  energy-absorption  criterion 
at  -7  °F . 


If,  however,  the  Rolfe  et  al."^  criteria  are  examined 
with  the  assumption  of  an  intermediate  rather  than  impact  loading 
rate  for  the  structure,  both  the  maximum  allowable  NDT  tempera¬ 
ture  and  the  specified  temperature  for  the  5/8-DT  requirement 
will  be  shifted  (assuming  a  yield  strength  of  67  ksi  or  462  MPa) 
+76°F  according  to  Equation  4.  Thus,  the  maximum  allowable  NDT 
temperature  will  be  -6°F  (-82°F  +  76°F)  or  -21 °C  and  the  tempera¬ 
ture  at  which  the  required  5/8-DT  energy  absorption  is  to  be 
obtained  will  be  +69°F  (NDT  +  75°F)  or  +21°C,  respectively,  for  a 
structure  subjected  to  an  intermediate  loading  rate.  The  NDT 
temperatures  for  the  3-mm  locations  in  the  SMA  and  SAW  weldments 
were  5  to  15°F  lower  than  that  required  for  the  intermediate 
loading  rate,  whereas  the  required  363  ft-lb  was  measured  about 
5°F  below  the  69°F  DT  test  temperature.  Figure  16.  Thus  the 
Rolfe  criteria  for  NDT  and  5/8  DT,  when  adjusted  for  intermediate 
loading  rate,  indicate  that  the  present  results  vTOuld  be 
marginally  acceptable. 

Rolfe^O)  has  also  presented  a  CVN  requirement  equiva¬ 
lent  to  the  5/8-DT  criteria  for  dynamic  loading.  The  CVN  require¬ 
ment  is  32  ft-lb  (44J)  at  43°F  (24°C)  above  the  service  tempera¬ 
ture.  The  3-mm  locations  for  both  weldments  meet  this  require¬ 
ment,  Figures  15-1  and  15-2.  If  the  requirement  is  adjusted  for 
intermediate  loading  rates  (temperature  shifted  upward  76°F) , 
then  32  ft-lb  would  be  required  at  about  +69°F  for  -50°F  service. 
The  CVN  values  at  the  3-mm  positions  for  both  1-inch-thick  weld¬ 
ments  exceed  this  requirement  by  a  factor  of  two  to  three,  Fig¬ 
ures  15-1  and  15-2. 

Thus,  it  is  concluded  that  both  weldments  would  exceed 
the  equivalent  CVN  criterion  but  would  not  meet  the  NDT  or 
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Table  11 


Required*  5/8-Inch-DT  Energy  Absorption  For  Various 
Regions  of  the  1-Inch  Weldments 
_  Using  the  Criterion  of  Reference  30 _ 


Location  in  Estimated**  Static  Yield  Energy  Absorption,  ft -lb,  at  -7°F 
Weldment  Strength,  ksi,  at  -7°F  Required  Actual  Minimum  (from  Curves) 

SMA  Weldment 


Weld  Metal 

87.7 

449 

615 

3  mm  HAZ 

71.3 

380 

120 

SAW  Weldment 

Weld  Metal 

80.3 

418 

170 

3  mm  HAZ 

71.3 

380 

185 

Transverse 

Base  Plate 

61.7 

340 

155 

*  Required  at  75°F  above  the  required  NDT  temperature  which  is  32°F  below  the 

service  temperature  (-50  -32  +75  =  -7) .  The  requirement  varies  with  the 

static  yield  strength  at  the  test  temperature. 

**  From  Reference  13  and  for  the  HAZ  also  from  the  maximum  hardness  using 

Reference  21  and  assuming  a  /a  =  0.75. 

y  ts 
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5/8-DT  criteria  proposed  by  Rolfe  '  for  dynamic  loading. 

However,  for  intermediate  loading  rates,  the  data  from  the 
3-mm  position  marginally  meet  the  NDT  and  DT  Rolfe  criteria, 
whereas  the  CVN  values  far  exceed  those  required. 

8.34  Three-Point-Bend  Fracture-Mechanics  Specimen  Results 

As  discussed  earlier,  all  the  three-point-bend  speci¬ 
mens  exhibited  invalid  KIc  behavior  consistent  with  the  Charpy 
V-Notch,  NDT,  and  5/8-DT  data  which  predicted  marginal  elastic- 
plastic  fracture  behavior  in  the  HAZ  for  an  intermediate  loading 
rate  at  -60°F.  The  proximity  of  the  low-toughness  3-mm  position 
to  the  center  of  the  crack  front  did  not  lead  to  valid  low¬ 
toughness  behavior  in  the  f racture-mechanics  type  of  specimen. 

Critical  crack-opening-displacement  (COD)  or  crack¬ 
opening-stretch  (COS)  values  were  calculated  from  the  clip-gage 
displacement  for  each  fracture-mechanics  test  according  to 
British  Standard  BS5762:79.  Although  the  Standard  is  for  three- 
point-bend  cross-sectional  geometries  of  TxT  and  Tx2T  (where  the 
first  dimension,  T,  is  the  thickness  and  the  second  dimension  is 
the  depth) ,  the  Tx4T  geometry  used  in  the  present  investigation 
should  give  similar  results.  The  COS  values  of  0.59  mil 
(0.015  mm)  for  the  SMA  weldment  and  1.28  mils  (0.033  mm)  for  the 
SAW  weldment.  Table  7,  are  generally  considered  inadequate  for 
acceptable  performance.  Values  of  about  3  mils  (0.08  mm)  or 
more,  however,  are  considered  as  representing  acceptable 
ductility.  Hence,  unlike  the  other  fracture-toughness  tests, 
which  indicate  marginal  fracture  behavior,  the  COD  test  results 
indicate  unacceptable  fracture  behavior  of  the  3-mm  location. 
Because  a  significant  amount  of  data  scatter  occurred,  when 
average  values  of  the  COS  are  used  the  toughness  would  appear 
acceptable,  whereas  lower-bound  values  suggest  marginal  or 
unacceptable  fracture  performance. 

The  three-point-bend  results  can  also  be  compared  with 
the  behavior  predicted  from  the  CVN  results  as  shown  by 
Barsom.4^)  At  the  same  temperature  and  loading  rate,  the  dynamic 
critical  stress-intensity  factor  at  fracture,  Kj^,  can  be  esti¬ 
mated  from  the  CVN  energy  absorption  in  the  transition  region  by 
using  the  equation46) 

=  /5E(CVN)  (6) 

Id 

where  Kj^  is  given  in  psi/inch,  E  is  the  modulus  of  elasticity  of 
the  material  in  psi,  and  the  CVN  energy  absorption  is  in  ft-lb. 
When  an  estimate  of  Klc  is  desired  at  a  loading  rate  other  than 
that  of  the  impact  CVN  test,  the  CVN  curve  must  be  shifted  toward 
a  lower  temperature  to  account  for  the  difference  in  loading 
rate.  The  amount  of  the  shift  depends  on  the  yield  strength. 
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For  an  intermediate  loading  rate,  the  shift  is  given  by  Equation  4. 
Thus,  for  the  present  SAW  3-mm  HAZ,  with  an  estimated  maximum 
yield  strength  (Table  10)  of  66.9  ksi,  the  minimum  CVN  of 
27  ft-lb  (37  J)  at  -25°F  (-32°C),  Figure  15-2,  predicts  an  inter¬ 
mediate  loading  rate  Kjc  of  63.6  ksi^inch  (70.0  MPa/m)  at  -101°F 
( -74  °C )  . 

Similarly,  the  COD  results  obtained  in  the  three-poi'- 1- 
bend  test  can  be  used  to  estimate  the  minimum  actual  Kjc  values 
by  using  the  equation4^) 


K  =  /EO  (COS)  (7) 

Ic  ys 


where  KIc  is  given  in  psi/ inch;  E  is  modulus  of  elasticity  of  the 
material  in  psi,  OyS  is  the  yield  strength  under  the  test  condi¬ 
tions  in  psi,  and  the  COS  is  in  inches.  Estimating  the  yield 

strength  from  Table  10  and  Reference  21,  the  estimated  Kjc  _ 

at  -60°F  at  an  intermediate  loading  rate  is  38.1  to  105.6  ksi/inch 
(41.9  to  116  MPa/m) . 

8.35  Surface-Cracked  Specimen  Results 


The  average  values  of  the  results  from  the  quality- 
control  tests  suggest  that  the  toughness  in  the  3-mm  location  of 
both  types  of  weldments  is  marginal,  but  acceptable,  that  is, 
elastic-plastic  fracture  behavior  should  occur  at  -60°F  at  the 
intermediate  strain  rate.  However,  the  fracture  behavior  pre¬ 
dicted  from  the  lower-bound  values  of  the  CVN  test  data  indicates 
unacceptable  fracture  performance,  that  is,  a  brittle  fracture 
can  occur.  Because  a  brittle  fracture  occurred  in  one  surface- 
cracked  specimen  tested  at  -60°F  and  an  intermediate  strain  rate, 
the  minimum  values  for  the  CVN  results  and  the  fracture-toughness 
results  from  the  surface-notched  CVN  specimens  were  considered  to 
be  the  best  quality-control-test  assessment  of  the  fracture 
performance  of  the  weldments  used  in  this  study. 

Thus,  to  a  great  extent,  the  extreme  values  of  the  sets 
of  data  are  consistent.  That  is,  the  lowest  values  or  worst-case 
results  from  tests  of  the  CVN  and  surface-cracked  specimens  both 
indicate  brittle  fracture.  Alternatively,  the  average  or  mean 
values  for  these  two  sets  of  data  both  predict  consistent  elastic- 
plastic  performance.  Use  of  extreme  values  for  all  variables  of 
interest  is  a  very  conservative  approach  to  the  problem,  and  the 


J.  G.  Merkle,  "Analytical  Relations  Between  Elastic-Elastic 
Fracture  Criteria,"  International  Journal  of  Pressure  Vessels 
and  Piping,  Volume  4,  1976,  pp.  197-206. 
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low  probability  that  all  these  extremes  will  occur  simul¬ 
taneously,  in  a  sense,  has  lead  to  the  recent  development  of 
probabilistic  fracture  mechanics. 


The  fatigue  cracks  were  grown  to  various  sizes. 

Table  8,  to  locate  the  crack  front  in  various  regions  of  the  HAZ 
of  the  weldments.  For  a  crack-shape  ratio,  a/2c,  of  0.24, 
assuming  an  ideal  weld  bond-line  included  angle  of  60°,  the  crack 
tip  would  be  located  at  the  3-mm  position  when  the  crack  depth  is 
0.2  inch  (5  mm).  Thus,  all  but  two  of  the  15  surface-cracked 
specimens  would  theoretically  have  some  part  of  the  crack  front 
residing  in  the  3-mm  or  lowest  toughness  portion  of  the  weld¬ 
ments.  However,  because  of  the  nonuniformity  of  the  actual  HAZ 
zones  and  bond  lines,  some  of  the  12  specimens  theoretically 
having  cracks  in  the  3-mm  position,  in  fact,  did  not. 

As  previously  discussed,  the  shortest  loading  times 
observed  during  slamming  conditions  of  ships  would  correspond  to 
a  rise  time  of  about  one  second.  This  loading  time,  and  there¬ 
fore  the  corresponding  strain  rate  (referred  to  as  an  inter¬ 
mediate  strain  rate  in  comparison  to  impact  loading  in  a  Charpy 
V-notch  specimen) ,  was  attained  in  only  about  half  the  surface- 
cracked  specimens  tested,  Table  8,  even  when  calculated  on  the 
basis  of  the  initial  linear  portion  of  the  load-time  curve.  por 
the  remaining  specimens  the  rise  time  was  longer.  The  nominal 
K-rate  of  loading  at  the  crack  tip  ranged  from  about  1  to  16  ksi 
v inch/sec . 

8.351  Gross-  and  Net-Section  Stress  Behavior.  Table  8  lists 
both  the  gross- (oq)  and  net-(oN)  section  stresses  for  each 
specimen.  The  gross-section  stress  at  fracture  is  not  signifi¬ 
cant  because  the  value  will  vary  with,  the  crack  size  as  well  as 
the  fracture  ductility  of  the  weldment.  However,  when  the  net- 
section  stress  is  below  the  yield  strength,  linear-elastic- 
fracture-mechanics  calculations  can  be  made  and  brittle-fracture 
behavior  is  possible.  The  net-section  stress,  oN,  was  calculated 
(assuming  pure  tension  loading)  by  using  the  fracture  load 
divided  by  the  net  section  (excluding  the  cracked  area) .  At  the 
test  temperature  and  loading  rate,  the  base-plate  yield  strength 
is  about  67  ksi.  In  some  tests, a  maximum  load  was  followed  by  a 
decreasing  load  (not  an  abrupt  "pop-in"),  in  turn  followed  by  a 
further  increase  in  load.  Although  it  is  not  possible  to  deter¬ 
mine  whether  brittle  crack  extension  or.  qeneral  yielding  of  the 
net  section  occurred,  in  most  of  these  cases  it  is  probable  that 
general  yielding  was  the  cause  of  the  load  drop  because  of  the 
proximity  of  the  net  section  stress  to  the  yield  stress.  Table  8 
presents  data  corresponding  to  the  first  maximum  as  well  as  the 
final  maximum  in  the  load  record. 
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Because  of  the  inherent  eccentricity  of  loading  on  the 
net  section  of  a  surf ace-cracked  specimen,  a  bending  component 
should  be  added  to  oN  to  determine  the  maximum  value  of  the  net- 
section  stress.  As  described  in  Section  8.252,  the  bending 
stress  is  given  in  Table  8  as  Aa —  the  total  stress  differential 
between  the  two  faces  of  the  specimen.  The  bending  stress,  Ao , 
was  determined  by  first  calculating  the  location  of  the  centroid 
of  the  surface  crack  (cracked  area)  and  assuming  that  a  resultant 
force,  equal  to  the  nominal  stress  times  the  cracked  area,  acts 
at  this  centroid.  The  differential  stress  between  the  two  faces 
of  the  specimen  was  then  calculated  by  solving  for  the  linearly 
varying  stress  across  the  thickness  of  the  specimen,  which  would 
produce  a  moment  about  the  back  face  equal  to  that  produced  by 
the  resultant  force  acting  at  the  centroid  of  the  cracked  area. 
Then,  by  assuming  the  specimen  to  be  a  simple  beam,  the  addi¬ 
tional  stress  at  the  front  face  due  to  bending  was  taken  as  half 
the  value  shown  in  Table  8. 


For  example,  for  specimen  9AM2  the  maximum  net-section 
tensile  stress  for  the  first  maximum  in  the  load  record  would  be 
67.0  +  5.8  or  72.8  ksi  (502  MPa).  Thus,  the  cracked  Face  of  the 
specimen  was  significantly  above  the  estimated  base-plate  yield 
stress  of  67  ksi  (462  MPa) .  Similarly,  the  bending-plus-tension 
net-section  stress  for  specimen  6AS4  was  greater  than  the  vield 
strength.  On  the  other  hand,  for  specimen  8AS2  the  maximum  net- 
section  stress  was  below  the  base-plate  yield  strength,  and,  even 
when  bending  is  taken  into  account,  large  plastic  straining  did 
not  occur  prior  to  crack  extension.  These  observations  do  not 
consider  the  effects  of  residual  stresses  or  their  redistribution 
during  the  development  of  the  crack  under  cyclic  loading. 


8.352  Crack-Opening-Displacement  Behavior 


Spec imens .  In  addition  to  net-section  stress,  another  indicator 
of  ductility  was  the  clip-gage  displacement,  Vg ,  across  the  crack 
mouth.  Unacceptable  fracture  behavior  would  be  consistent  with 
clip-gage  displacements  of  only  a  few  thousandths  of  an  inch 
(mils)  or  about  0.1  mm.  Thus,  the  values  listed  in  Table  8  again 
indicate  brittle  fracture  behavior  for  specimen  8AS2. 


Another  method  of  characterizing  elastic-plastic 
fracture  behavior  is  the  crack-opening-displacement  (COD)  value 
for  each  test.  The  critical  COD  or  crack  openinq  stretch  (COS) 
for  fracture  is  the  calculated  value  of  the  deformation  or  blunt¬ 
ing  at  the  crack  tip  that  occurs  just  prior  to  crack  extension. 
For  the  surface-cracked  specimens,  the  critical  COS  values  were 
estimated  from  the  clip-gage  displacement  measured  across  the 
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center  of  the  surface  crack  and  the  strain-gage  readings  obtained 
directly  opposite  this  location  on  the  opposite  face.  For  corner 
cracks  both  the  clip  gage  and  the  strain  gage  were  mounted  near 
the  edge  of  the  specimen.  The  strain-gage  readings  were  first 
converted  to  displacement  by  assuming  that  the  strain  was  uniform 
over  the  active  gage  length  (generally  0.060  in.  or  1.52  mm). 

From  this  calculated  displacement  and  that  obtained  from  the 
clip-gage  on  the  opposite  face,  the  COS  was  estimated  by  linear 
interpolation . 

The  COS  values  ranged  from  0.7  to  15.6  mils,  (0.18  to 
0.40  mm)  or  more.  Table  12.  A  "rule-of-thumb"  value  to  assure 
elastic-plastic  rather  than  brittle  fracture  is  a  minimum  COS  of 
3  to  5  mils  (0.08  to  0.13  mm).  Two  SAW  weldments,  9AS1  and  8AS2, 
had  calculated  COS  values  of  less  than  3  mils  (0.08  mm)  at  insta¬ 
bility.  However,  as  discussed  above,  specimen  9AS1  had  a  very 
long  surface  crack  (2.8  inches  or  71  mm)  and  a  net-section  stress 
well  in  excess  of  the  yield  strength.  Because  the  surface  crack 
was  also  deep  (0.662  in.  or  16.8  mm),  the  bending  stress  imposed 
on  the  specimen  was  large  and  lead  to  a  calculated  differential 
stress  between  the  front  and  back  faces  of  37.5  ksi  (259  MPa), 
Table  8.  In  addition,  the  fracture-initiation  site  (identified 
after  the  test)  was  only  0.203  in.  (5.2  mm)  from  the  surface 
rather  than  at  the  deepest  point  on  the  crack  front.  Thus, 
because  of  the  significant  bending  stress,  it  is  probable  that 
the  COS  at  the  fracture-initiation  site  was  greater  than  the 
value  of  2.5  mils  (0.064  mm.)  calculated  at  the  deepest  point  on 
the  crack  front.  In  contrast,  virtually  a  linear-elastic  frac¬ 
ture  was  observed  in  specimen  8AS2. 

8.3522  Comparison  of  Actual  Critical  Crack  Size  With  Estimates 
Obtained  From  Three-Point-Bend  Test  Results.  The  results  from 
the  three-point-bend  tests  can  be  used  with  the  British  COD 
design  curve^O)  to  estimate  conservative  tolerable  crack  sizes 
for  the  surface-cracked-specimen  tests.  Because  a  factor  of 
safety  of  at  least  two  in  flaw  tolerance  is  included  in  the 
design  curve,  use  of  this  procedure  does  not  establish  critical 
crack  sizes  for  design  but  only  estimates  noncritical  or  safe 
sizes.  The  procedure  requires  establishing  the  critical  COD 
value,  6,  (referred  to  as  the  COS  in  previous  sections)  and  yield 


F.  M.  Burdekin  and  M.  G.  Dawes,  "Practical  Use  of  Linear 
Elastic  and  Yielding  Fracture  Mechanics  with  Particular 
Reference  to  Pressure  Vessels,"  Practical  Application  of 
Fracture  Mechanics  to  Pressure  Vessel  Technology,  Insti¬ 
tute  of  Mechanical  Engineering,  London,  May  1971. 
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strength,  Oy,  for  the  material  at  the  design  temperature  and 
maximum  expected  loading  rate.  From  the  design  curve,  figure  20, 
for  gross  stresses  near  or  below  yield,  the  ratio  of  the  equiva¬ 
lent  elastic  stress  of  the  uncracked  member  to  the  vield  strength 
can  be  used  to  establish  the  value  of  the  nondimensiona 1  para¬ 
meter  Knowing  the  value  of  *,  a  conservative  tolerable  half- 

crack-length  value,  acct,  for  an  infinite  center-cracked 
(through-cracked)  plate  specimen  under  tension  loading  is  estab¬ 
lished  for  the  particular  material  properties,  Oy,  5,  and  the 
modulus  of  elasticity,  E. 

The  results  from  the  surface-cracked  specimens  were 
compared  with  corresponding  estimates  of  conservative  flaw  toler¬ 
ance  based  upon  the  results  from  the  three-point-bend  tests  of 
the  same  weldments.  The  comparison,  however,  was  made  for  equiva¬ 
lent  crack  lengths  in  a  center-cracked  specimen.  From  the  three- 
point-bend  tests  of  the  SMA  weldments,  6,  or  COS,  varied  from 
0.59  to  4.54  mils  (0.015  to  0.115  mm),  whereas  the  SAW  v/eldment 
values  varied  from  1.28  to  3.26  mils  (0.033  to  0.083  mm), 

Table  7.  , 


As  shown  in  Table  12,  for  each  surface-cracked  specimen 
test  these  6  values  were  used  along  with  the  gross-section  stress 
to  estimate  a  range  of  conservative  tolerable  crack  lengths  for 
infinite  center-cracked  specimens  using  the  COD  design  curve. 
Because  the  values  of  half-crack  length,  acct,  from  the  design 
curve  are  for  an  infinite  center-cracked-tension  (CCT)  specimen, 
the  critical  flaw  sizes  from  the  surface-cracked-specimen  tests 
were  converted  to  equivalent  CCT  half-crack  lengths  by  solving 
for  the  CCT  half-crack  length,  acct,  which,  under  the  same  cross 
stress,  produces  the  same  crack-tip  X  level  at  the  deepest  point 
of  the  surface  crack. 


For  an  infinite  CCT  specimen  the  K  level  is  aiven  by 
the  equation^) 

1/2 


K  =  o  (ira__  )' 
G  CCT 


(8) 


where 


Uq  =  the  applied  gross  stress, 
and  aCCT  =  the  half-crack  length. 


P.  C.  Paris  and  G.  C.  Sih,  "Stress  Analysis  of  Cracks," 
Fracture  Toughness  Testing  and  its  Applications,  A STM  STP 
381,  American  Society  for  Testing  and  Materials,  Phila¬ 
delphia,  PA,  April  1965,  pp.  30-81. 
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•table  12  (Continued) 


Obtained  by  solving  for  the  CCT  crack  length  producing  the  same  crack-tip  K  level  as  at  the  deepest  point 
of  the  surface  crack  when  both  are  under  pure  tension  loading  using  Equation  8  Reference  51  and 
Equation  9  Reference  52. 


Likewise,  the  K  level  at  the  deepest  point  of  a  surf ace-cracked 
specimen  under  pure  tension  loading  can  he  calculated  by  using  an 
equation  developed  by  Newman^2) 


where 


(9) 


=  the  gross  applied  stress, 

a  =  the  crack  depth, 

*  =  a  function  of  the  a/c  ratio  as  shown  in  Equation  C-2, 

and  F  =  a  function  of  the  crack-depth  to  specimen-thickness 

ratio,  a/t,  given  in  Reference  52  ( f  v/  given  in 
Reference  52  was  not  included  in  F) . 


Equating  the  K  values 


(10) 


Tne  values  for  the  equivalent  through  crack  for  a 
CCT  specimen  based  upon  the  results  from  the  surface-crack 
specimens  (column  5  in  Table  12)  can  now  be  compared  with  the 
predicted  conservative  flaw  tolerance  based  upon  the  bend- 
specimen  results  (column  3  in  Table  12)  .  For  the  SfAA  weldments, 
four  of  the  equivalent-crack-length  values  obtained  from  the 
surface-cracked-specimen  test  results  were  within  the  predicted 
range,  whereas  the  values  for  two  specimens  (2AM1  and  4AM2) 
were  greater  than  the  predicted  ranae.  For  the  SAW  weldments, 
however,  one  of  the  surface-cracked  specimens,  3AS2,  had  an 
equivalent  crack  length  equal  to  the  minimum  predicted  from 
the  bend  tests,  whereas  the  crack  lengths  for  the  others  were 
within  or  greater  than  the  predicted  range. 

It  is  obvious  that  the  reason  for  the  less  conserva¬ 
tive  prediction  for  the  SAW  weldments  was  that  the  minimum  6 
value  from  the  SAW  bend  tests  was  1.28  mils  (0.033  mm) , 
whereas  the  minimum  <5  values  from  the  SMA  bend  tests  was 
0.59  mil  (0.015  mm).  Because  the  lowest  toughness  region  of 
the  weldments  was  at  the  3-mm  location  in  the  HAZ  rather  than 
in  the  weld  metal,  the  lowest  6  for  both  sets  of  weldments 
should  have  been  used  as  the  minimum  of  the  predicted  range 
for  all  tests.  Use  of  0.59  mil  (0.015  mm.)  as  the  minimum  for 


52) 


J.  C.  Newman,  Jr.  and  I.  S.  Raju,  "Analyses  of  Surface  Cracks 
in  Finite  Plates  Under  Tension  or  Bending  Loads,"  NASA  TP 
(in  preparation),  1979. 


the  SAW  weldments  would  have  reduced  all  the  predicted  minimum 
lengths  by  half;  thus,  all  equivalent  crack  lengths  of  the 
surface-cracked  specimens  would  have  been  greater  than  the 
predicted  minimum  c rack  tolerance  values  by  at  least  a  factor  of 
two .  Pence,  the  COD  design  curve  and  the  minimum  COS  value  from 
the  three-point-bend  specimen  results  conservatively  predicted 
tolerable  flaw  sizes  in  the  surface-cracked-specimen  tests. 

Only  the  most  conservative  results  from  the  bend  tests 
would  have  conservatively  predicted  all  the  critical  flaw  sizes 
of  the  surface-cracked-specimen  tests.  Again,  it  appears  that 
the  high  toughness  of  the  3-mm  zones.  The  minimum  '  value  of 
0.59  mil  (0.015  mm)  indicates  a  brittle  fracture,  that  is,  linear- 
elastic  fracture  behavior. 

8.353  Fracture  Toughness  From  Critical-Stress-Intensity  ^actors 
of  Surface-Cracked  Specimens.  For  the  sur f ace-cracked  specimens, 
the  stress-intensity  factor  (K)  at  the  crack  tip,  corresponding 
to  either  the  first  or  final  maximum  in  the  load  record,  was 
first  calculated  by  an  elastic  analysis,  assuming  that  no  bend¬ 
ing  stress  was  applied  to  the  specimen  because  of  the  presence  of 
the  surface  crack.  The  equation^)  used  was  the  same  as  Equa¬ 
tion  2,  described  earlier  in  the  discussion  of  fatigue-crack- 
propagation  behavior.  The  results  are  listed  .in  Table  13.  The 
analysis  was  then  modified  to  include  the  effects  of  bending  due 
to  the  surface  crack  as  described  in  Appendix  E. 

The  most  meaningful  critical-stress-intensity  factor, 

Kc ,  estimates  for  the  sur face-cracked  specimens  are  those  that 
include  bending  and  are  obtained  for  the  Fracture-initiation 
site,  Table  13.  The  value  of  32.9  ksi^inch  (36.2  MPa/m)  for 
specimen  3AS2  is  not  significant  because  the  net-section  stress 
was  significantly  greater  than  the  yield  stress  because  of  the 
shallow  depth  of_the  crack.  Likewise,  the  value  of  42.5  ksi 
winch  (46.8  MPawm)  for  specimen  6AS2  is  in  question  because  the 
crack  depth  was  80  percent  of  the  specimen  depth,  which  mav  give 
significant  errors  in  the  K  analyses.  Thus,  the  minimum  I<c 
value  obtained  from  the  sur face-cracked- spec imen  tests  is  about 
46  ksiwinch  (50.6  MPa/m)  for  specimen  8A.S2,  and  is  assumed  to  be 
representative  of  the  minimum-toughness  3-mm  location  in  the 
HAZ  . 

As  indicated  in  Section  8.34,  the  maximum  valid  K j c 
value  for  a  1-inch-thick  plate  having  a  vield  strenqth  of 
67.5  ksi  (465  MPa)  is  42.5  ksi /inch  (46.8  MPa/m) .  Thus,  the 
fracture-toughness  value  of  46  ksi/inch  (50.6  MPa/m) ,  measured 
at  -60°F  (-51°C)  with  an  intermediate  loading  rate,  is  considered 
a  nearly  valid  KIc  value.  Therefore,  the  fracture  behavior  of 
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Table  13 


Kc  Results  for  Surface-Cracked 
Specimens  (at  -6Q°F  Except  as  Noted) 


Specimen 

No. 

°N,  ksi* 

Crack 

At 

Deepest 

Point 

Depth,  in. 

At 

Initiation 

Site 

Kc,  ksi/inch 
at  Crack 

Tip  From  Simple 
Tension  Analysis** 

Kc,  ksi/inch. 
Including  Bending 

At  Crack  At  Initiation 
Tip***  Site+ 

SMA  As-Welded 

9AM2 

67.0++ 

0.380 

0.281 

50.0 

51.9 

51.8 

9AM1 

72.3 

0.564 

0.542 

67.8 

73.9 

72.3 

2AM1+++ 

71.7 

0.612 

0.502 

90.1 

96.5 

88.1 

8AM2± 

69.1++ 

0.377 

0.053 

51.0 

53.0 

52.9 

SAW  As-Welded 

9AS2±± 

85. 1± 

0.082 

±± 

>51.8 

>53.8 

++ 

3AS2± 

81.6 

0.064 

0.034 

>44.1 

>45.1 

>32.9 

9AS1 

71.4 

0.662 

0.203 

58.6 

65.0 

46.9 

6AS4--- 

67.8 

0.247 

0.130 

<56.9 

<5°. 4 

<50.1 

6AS2+++ 

t 

0.795 

0.263 

30.7 

4C.0 

42.5 

SAW  Rough-Undercut 

4  AS  2 

70.4 

0.598 

0.544 

68,5 

72.3 

70.4 

BAS  3 

68.5 

0.563 

0.150 

62.4 

66.9 

55.6 

8AS2 

57.5++ 

0.394 

0.235 

44.6 

46.4 

45.8 

SMA  Smooth- Undercut 

8  AMI 

84.7 

0.513 

0.355 

71.7 

75.7 

74.7 

4AM2++++ 

80.5 

0.493 

0.459 

93.7 

96.5 

94.3 

SAW  Smooth 

7  AS  2 

79.7+++ 

0.580 

ttt 

>70.2 

>73.6 

ttt 

SMA  Rough- 

•Undercut  @  -100°F 

7AM1" 

75.9 

0.292 

0.200 

63.6 

66.8 

59.4 
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Table  13  (Continued) 


Specimen 

Ho.  gH,  ksl» 


Creek  Depth.  In. 
At  At 

Deepest  Initiation 
Point  Site 


Kc,  kai /inch 
at  Crack 
Tip  Proa  Simple 
Tension  Analysis** 


SAW  As-Welded  *  -100 "P 


Kc,  kei/lnch. 
Including  Bending 
At  Crack  At  Initiation 
Tip***  Site* 


9A  S3***  69.2 


0.450  0.278 


85.9 


91.5  74.7 


ee 

eee 

■f 


■M++ 

t 

it 

tit 


t 

tt 

ttt 


At  aaxlaum  load  except  as  noted. 

Using  Equation  2,  Reference  19. 

Using  Equation  2,  Reference  19  and  Equation  E-l  Reference  52. 

Using  Equation  £-2,  References  19  and  Reference  1,  Appendix  E,  and  interpolation 
of  solutions  presented  in  Reference  52. 

At  first  maximum  in  load  record. 

Corner  crack. 

Incomplete  corner  crack. 

Multiple  cracks. 

Failed  in  base  plate. 

Initial  loading.  Brittle  crack  extension  occurred  but  specimen  slipped  through 
grips  before  total  failure. 

Very  large  fatigue  crack  resulted  in  large  bending  stress,  “  40.3  ksi. 

At  pop-in.  Load  increased  during  fracture. 

Did  not  fracture  at  maximum  of  load  range. 
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the  surface-cracked  specimen  8AS2  is  near  plane  strain  and 
consistent  with  the  conservative  (low)  estimates  of  the  fracture 
toughness  obtained  from  the  minimum  values  measured  in  the 
CVN  test. 

8.354  Sur face-Cracked  Specimen  Tests  at  -100°F.  Because  the 
brittle-fracture  test  result  of  specimen  8AS2  was  unique,  that 
is,  not  duplicated  in  any  of  the  other  tost  results,  two  addi¬ 
tional  tests  were  conducted  at  -100°F  (-73 °C)  and  at  an  inter¬ 
mediate  loading  rate.  Specimen  7AM1  had  a  sur f ace-crack  length 
of  0.988  inch  (25.1  mm)  and  a  depth  of  0.292  inch  (7.4  mm), 
whereas  specimen  9AS3  had  a  surface-crack  lencth  of  1.112  inches 
(28.2  mm)  and  a  depth  of  0.450  inch  (11.4  mm).  The  purpose  for 
conducting  two  tests  at  a  temperature  below  -60°F  was  to  verifv 
that  the  result  from  specimen  8AS2  was  an  extreme  in  data  scatter 
and  that  the  overall  toughness  behavior  of  the  weldment  was  not 
approaching  brittle-fracture  behavior.  As  shown  in  Table  13,  the 
Kc  values  for  the  tests  at  -100°F  and  an  intermediate  loading 
rate  were  similar  to  those  at  -60°F  and  an  intermediate  loading 
rate.  Elowever,  the  two  estimated  COS  values  at  -100°F  were  less 
than  0.003  inch  and,  therefore,  indicate  unacceptable  ductility 
at  this  temperature.  Thus,  although  the  Kc  values  indicated 
acceptable  elastic-plastic  performance,  the  COS  values  From  two 
tests  of  surface-cracked  specimens  at  -100°F  and  an  intermediate 
loading  rate  indicate  that  the  fracture  performance  at  -100°F  is 
unacceptable  and  confirm  the  maroinal  Fracture  behavior  at 
-60°F  and  an  intermediate  strain  rate. 
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9 . 0  Recommendations  and  Future  Research 

1)  The  Charpy  specimen  is  the  best  "quality  control"  type 
of  specimen  to  use  for  assessing  fracture  toughness  in 
ship-steel  weldments.  CVN  tests  at  different  locations 
in  the  weldment  are  necessary  and  should  be  continued 
as  a  requirement.  The  5/8-inch-thick  dynamic-tear 
specimen  samples  too  many  regions  of  the  weldment  and 
is,  therefore,  not  recommended  for  use  in  qualifying 
the  toughness  behavior  of  the  HAZ  in  weldments. 

Although  the  NDT  specimen  gave  meaningful  and  correct 
toughness  evaluations  when  care  was  taken  in  testing 
and  interpreting  the  results,  this  specimen  is  not 
recommended  for  quality  control  because  of  these 
difficulties  in  testing  and  interpretation  and  because 
the  additional  HAZ  of  the  hard-x  bead  may  complicate 
the  results. 

2)  Further  research  is  needed  to  establish  a  basis  for 
determining  when  weldments  should  be  classified  as 
having  a  "significantly"  degraded  region  in  the  HAZ. 
Because  the  base  metal  selected  for  this  work  had  a 
known  excessive  degradation  of  the  HAZ  toughness,  it  is 
not  clear  that  the  weldments  examined  in  this  work  are 
"typical."  Thus,  it  is  not  reasonable  to  recommend 
more  stringent  toughness  requirements  for  all  weldments 
on  the  basis  of  results  from  one  weldment  that  is 
unique.  On  the  other  hand,  the  results  from  this  work 
showed  that,  for  the  base  metal  examined,  a  small 
region  of  very-low  toughness  in  the  HAZ  was  masked  by 
the  higher  toughness  regions  surrounding  it.  In  such 
circumstances,  the  absorbed  energy  measured  with  the 
Charpy  specimen  may  be  fictitiously  greater  than  that 
representative  of  this  low-toughness  zone,  and  only  the 
lowest  values  measured  may  be  true  indications  of  the 
low- toughness  region.  Because  the  lowest  values  were 
necessary  to  predict  the  brittle  fracture  obtained  from 
one  of  the  surface-cracked  specimens,  consideration 
should  be  given  to; 

a.  requiring  that  five  rather  than  three  Charpy 
specimens  from  the  low- toughness  HAZ  region  be 
tested  at  the  specification  temperature. 

b.  requiring  that  three  additional  specimens  having  a 
surface-notched  rather  than  an  edge-notched  orien¬ 
tation  be  tested  in  the  low-toughness  region  (at 
the  specification  temperature) . 
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Additional  measurements  of  actual  strain  rates  in  ship 
structures  should  be  undertaken  to  further  verify-  that 
it  is  proper  to  assume  intermediate  loading  rates  (of 
the  order  of  1  second  loading  times)  when  setting 
fracture- toughness  requirements  for  ships. 
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Appendix  A 


Initial  and  Final  Surface-Crack  Length  and  Prediction 
of  Cycles  Required  for  Observed  Crack  Extension  in  1-Inch 
_ A537  Class  1  SMA  and  SAW  Tee  Weldments 


Crack  Initiation 
Stress  Initial 
Specimen  Amplitude,  Length, 

No. _ ksi _ in.  Cycles 


_ Crack  Propagation _ 

Stress  Final  Predicted* 

Amplitude,  Length,  Additional  Additional 
ksi _ in . _ Cycles _ Cycles 


SMA  As-Welded 


2AM1 

29.0 

0.065 

66,840 

29.0 

1.490** 

185,400 

36,631 

3AM2 

24.0 

1.156 

110,140 

24.0 

1.477 

17,170 

2236 

4AM1 

24.0 

0.917 

559,691 

24.0 

24.0 

1.309** 

x*** 

56,300 

24,840 

3550 

9AM2 

20.0 

0.583 

425,540 

20.0 

0.845 

18,730 

13,145 

8AM  2 

20.0 

0.876 

730,370 

- 

•  - 

- 

.. 

9  AMI 

16.0 

0.827 

1,000,000 

29.0 

1.972 

186,810 

5187 

7AM1 

16.0 

Runout 

1,000,000 

- 

- 

- 

Bam  2 

13.0 

0.483 

1,000,000 

13.0 

0.497 

8180 

_ 

7AM2 

13.0 

Runout 

1,000,000 

SAW 

As-Welded 

9AS1 

24.0 

1.497 

145,850 

24.0 

3.035** 

70,790 

5262 

6  AS  2 

23.6 

2.707 

270,200 

23.6 

3.503 

2450 

1654 

9AS3 

21.0 

0.599 

216,540 

13.0 

1.151+ 

165,410 

— 

9AS4 

20.0 

0.841 

453,400 

- 

— 

_ 

9  AS  2 

20.0 

1.685 

109,670 

20.0 

2.031 

450 

3510++ 

3AS2 

20.0 

0.026 

117,350 

20.0 

0.949** 

13,840 

264,520++ 

9AS3 

19.0 

Runout 

1 ,000,000 

- 

— 

2AS1 

16.0 

1.469 

663,680 

16.0 

<F*** 

168,940 

9AS4 

16.0 

Runout 

1,000,000 

- 

— 

6AS4 

14.8 

0.911 

599,530 

- 

« 

— 

6AS3 

14.0 

T*** 

929,900 

- 

— 

_ 

8AS3 

13.0 

1.241+ 

1,000,000 

- 

_ 

4AS2 

13.0 

0.140 

1,000,000 

- 

— 

- 

— 
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Appendix  A  (Continued) 


Crack  Initiation 
Stress  Initial 
Specimen  Amplitude,  Length, 

Ho. _ ksi _ in.  Cycles 


Crack  Propagation 

Stress  Final  Predicted* •* 

Amplitude,  Length,  Additional  Additional 
ksl  in. _ Cycles _ Cycles 


SMA  Rough-Undercut 


7AM 1 

21.0 

0.223 

273,110 

10.5 

1.154 

490,140 

- 

7AM2 

20.0 

0.010 

770,060 

20.0 

0.143+ 

412,280 

- 

7AM2 

18.0 

Runout 

1,000,000 

- 

- 

- 

- 

SAW  Rough-Undercut 

8AS2 

25.4 

0.219 

+++ 

25.4 

0.774 

448,360 

27,585 

4AS2 

18.0 

0.140 

+++ 

18.0 

2.143 

570,490 

118,550 

8 AS  3 

15.0 

1.241+ 

+++ 

15.0 

1.700 

981,340 

36,139 

SMA  Smooth-Undercut 

2AM2 

29.0 

x*** 

319,100 

. 

. 

_ 

_ 

4AM2 

27.0 

0.559 

165,980 

27.0 

0.572 

110 

- 

8AM1 

23.0 

1.011 

174,790 

- 

- 

- 

- 

SAW  Smooth-Undercut 

4AS1 

27.0 

I*** 

761,520 

_ 

_ 

_ 

7AS3 

25.0 

Runout 

1,000,000 

- 

- 

- 

- 

SAW 

Smooth 

IAS  2 

40.0 

B*** 

24,840 

_ 

_ 

_ 

IASI 

40.0 

16,790 

- 

- 

- 

- 

5AS2 

38.0 

x*** 

13,260 

- 

- 

- 

- 

7AS4 

36.0 

G*** 

230,880 

- 

- 

- 

- 

1AS4 

36.1 

G*** 

257,630 

- 

- 

- 

- 

7AS2 

33.0 

0.866 

261,080 

- 

- 

- 

- 

4  AS  3 

29.0 

I*** 

347,570 

- 

- 

- 

- 

7AS1 

29.0 

G*** 

739,870 

- 

- 

- 

- 

6AS1 

25.0 

Runout 

1,000,000 

- 

- 

- 

- 

4AS4 

23.0 

Runout 

1,000,000 

- 

- 

- 

- 

*  From  rearrangement  and  integration  of  Equation  1,  Reference  15. 

•*  Corner  crack.  Length  on  face  listed. 

**•  Total  failure:  T-from  weld  toe,  I-from  internal  imperfection  at  bond  line, 

B-in  base  plate,  G-in  grip. 

♦  Discontinuous  crack. 

♦♦  Very  shallow  cracks. 

♦♦♦  Existing  crack  from  previous  cycling. 
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Appendix  B 


Acceleration  in  Growth  Rate  of  an  Internally  Initiated 
Fatigue  Crack  Upon  Reaching  the  Surface  of  a  Plate 

It  has  been  noted  that  fatigue-crack  growth  accele¬ 
rates  rapidly  after  an  internally  initiated  fatigue  crack  breaks 
through  to  the  surface  of  a  plate.  This  behavior  would  be  expec¬ 
ted,  on  the  basis  of  a  fracture-mechanics  analysis  of  elliptical 
internal  cracks  under  tension-fatigue  loading.  For  normal 
internal  cracks  (the  major  axis  parallel  to  the  plate  surface) , 
the  maximum  calculated  stress-intensity  factor  aloncr  the  crack 
front,  K,  which  is  related  to  the  f atigue-crack-qrowth  rate, 
increases  by  a  factor  of  about  1.25  to  1.60  after  breakthrough  to 
the  surface  occurs. 


The  maximum  K  value  along  the  front  of  an  internal 
elliptical  crack  subjected  to  tension  loading,  K  ,  occurs  at  the 
end  of  the  minor  axis  and,  for  gross  stresses  small  compared  with 
the  yield  stress,  can  be  calculated  by  using  an  equation  devel¬ 
oped  by  IrwinB-1) 

/rra 

=  o-L-U-  (B-l) 


1/2 


where 


a  =  the  applied  gross  stress, 
a  =  the  length  of  the  semi-minor  axis  of  the  elliptical 
crack  (half  the  internal  crack  width) , 
and  $  =  a  function  of  the  aspect  ratio  of  the  ellipse, 

2a;/2Ct  (Figure  B-l) ,  where  2CX  is  the  crack  length. 

From  Paris  and  SihB-^  v x  (an  elliptic  integral  of  the  second 
kind)  can  be  expressed  as: 


G.  R.  Irwin,  "Crack  Extension  Force  for  a  Part  Through  Crack 
in  a  Plate,"  Journal  of  Applied  Mechanics,  Vol.  29,  No.  4, 
1962,  pp.  651-654. 

P.  C.  Paris  and  G.  C.  Sih,  "Stress  Analysis  of  Cracks," 
Fracture  Toughness  Testing  and  its  Applications,  ASTM  STP 
381,  American  Society  for  Testing  and  Materials,  Phila¬ 
delphia,  PA,  April  1965,  pp .  30-81. 


B-l 


tt/2 


V  =  I 

l  o 


1- 


2  q 

-Ct) 


2 

sin  0 


1/2 


d0 


where  I  denotes  an  intergral.  By  setting 


1  -i<r 

i 


1/2 


=  k, 


( B-2 ) 


(B-3) 


where  k  is  called  the  modulus,  the  value  of  v x  can  be  found  in 
tables  of  elliptic  integrals. 


Similarly,  the  maximum  K  value  along  the  front  of  a 
semi-elliptical  surface  crack  subject  to  tension  loading,  Ks, 
occurs  at  the  end  of  the  semi-minor  axis  and,  for  gross  stresses 
small  compared  with  the  yield  stress,  can  be  calculated  from 
IrwinB_D  by  using  the  following  equation: 


K 

s 


a 


1.12 


(B-4 ) 


where 


a  =  the  applied  gross  stress, 

a  =  the  length  of  the  semi-minor  axis  of  the  semi-ellipse 
(surface-crack  depth  for  a  crack  shallower  than  its 
surface  length  and  half  the  surface-crack  length 
for  a  crack  having  a  depth  exceeding  its  surface  length. 


'I’g  is  obtained  from  Equation  B-2,  substituting  as  for  ax  and 
Cs  for  C  t . 


When  internal  elliptical  cracks  (Figure  3-1)  narrower 
than  half  their  length,  2al/2C1<  0.5,  break  through  to  the  surface, 
they  become  cracks  which  have  depths  less  than  half  their  surface 
length  (less  than  semicircular),  as/2Cs<0.5.  The  depth  of  the 
surface  crack  formed  will  be  about  the  same  as  the  total  width 
of  the  prior  internal  crack  just  before  breakthrough,  Figure  B-l, 
and  the  length  of  the  surface  crack  can  be  taken  as  approximately 
equal  to  the  length  of  the  prior  internal  crack.  Therefore, 
dividing  Equation  B-4  by  Equation  B-l,  the  ratio  of  the  maximum  K 
levels  along  the  crack  front  for  the  surface  versus  the  internal 
crack,  Ks/Kt,  can  be  related  to  the  proportions  of  the  internal 
crack  and  is  given  by 
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The  numerical  value  of  $  . /i>  depends  on  the  ratio  of 
the  internal-crack  width  to  crack  length,  2a, /2C  ,  and  varies 
from  1.00  for  long,  narrow  internal  cracks,  2a;/2C,  approaching 
zero,  to  0.77  for  internal  cracks  as  wide  as  half  their  length, 
2a:/2Cl  =  0.5  (these  become  semicircular  surface  cracks).  Thus, 
from  Equation  B-5,  for  internal  elliptical  cracks  with  a  width 
of  up  to  half  their  length  which  break  through  and  become  surface 
cracks,  the  maximum  K  level  along  the  crack  front  increases  up  to 
58  percent  for  long,  narrow  internal  cracks  and  about  22  percent 
for  internal  cracks  which  become  semicircular  surface  cracks, 
Figure  B-l. 


For  internal  elliptical  cracks  wider  than  half  their 
length,  2a,/2Cl>0.5,  but  still  having  the  major  axis  parallel  to 
the  plate  surface,  the  depth  of  the  semi-elliptical  surface  crack 
formed  will  be  greater  than  its  surface  length,  so  that  the  minor 
axis  of  the  surface  crack  will  now  lie  along  the  surface  of  the 
plate.  Thus,  the  location  of  the  maximum  K  value  along  the  front 
of  the  surface  crack  will  also  be  at  the  surface  of  the  plate. 
(The  location  of  the  maximum  K  value  was  at  the  deepest  point  for 
the  earlier  case  of  surface  cracks  which  had  a  depth  of  less  than 
half  their  surface  length.)  The  width  of  the  surface  crack 
formed  (which  is  now  the  length  seen  on  the  surface)  will  equal 
the  length  of  the  internal  crack,  2ag  =  2C , ,  ,  and  the  depth  of  the 
surface  crack  will  be  approximately  equal  to  the  width  of  the 
internal  crack,  Cg  =  2ax. 


The  ratio  of  the  maximum  K  level  along  the  crack  front 
of  such  a  surface  crack  (having  a  depth  greater  than  its  surface 
length)  to  the  maximum  K  level  for  a  prior  internal  crack  still 
having  its  major  axis  parallel  to  the  plate  surface  can  be  related, 
as  before,  to  the  proportions  of  the  internal  crac’  .  The  ratio 
can  be  calculated  from  an  expression  (similar  to  Equation  B-5) 
obtained  by  using  Equation  B-l  and  setting  as  =  C,  and  Cs  =  2a 
in  Equation  B-4 : 
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The  numerical  value  of  ‘*>l/4)a  again  depends  on  the  proportions  of 
the  internal  crack  before  break  through  and  varies  from  0.77  for 
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internal  cracks  half  as  wide  as  their  length,  2a1/2Cl  =  0.5,  to 
1.30  for  circular  internal  cracks,  2a,  =  2C, .  Thus,  from  Equa¬ 
tion  B-6,  for  internal  elliptical  cracks  with  a  width  between  one 
half  and  their  full  length  (a  circular  crack)  which  break  through 
and  become  surface  cracks,  the  maximum  K  level  along  the  crack 
front  increases  as  much  as  22  to  45  percent.  Figure  B-l. 

Summarizing,  Figure  B-l  shows  that  for  normal  internally 
initiated  elliptical  cracks  (the  major  axis  parallel  to  the  plate 
surface)  which  break  through  to  the  surface,  the  maximum  stress- 
intensity  factor,  K,  along  the  crack  front  increases  a  minimum  of 
about  22  percent  for  the  case  of  internal  cracks  having  a  width 
equal  to  half  their  length.  For  internal  cracks  either  longer 
and  narrower  or  more  circular,  the  increase  in  the  maximum  K  level 
when  the  crack  breaks  through  to  the  surface  is  greater  and 
ranges  up  to  about  58  percent  for  long  narrow  internal  cracks  and 
up  to  about  45  percent  for  circular  internal  cracks.  Because  the 
fatigue-crack-growth  rate  increases  with  the  maximum  K  value 
along  the  crack  front,  from  the  preceeding  analysis  a  signi¬ 
ficant  acceleration  in  growth  rate  would  be  expected  when  an 
internal  elliptical  crack  breaks  through  to  the  surface  of  a 
plate . 
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Stress-Intensity  Factors  for  Surface  Cracks 

The  threshold  stress  amplitude  for  the  case  of  a  sharp 
elliptical  crack  was  calculated  by  setting  K  =  2.75  ksi/inch 
(3.05  MPa)  in  an  equation  developed  by  Irwin  (text  Ref.  19)  for 
the  case  of  an  elliptical  crack  in  an  infinite  solid  which,  for 
the  location  on  the  crack  front  at  which  K  is  highest,  can  be 
expressed  as 

/  \  1/2 

K  -  '  fit) 


where 


a 

a 

and  v 


the  applied  gross  stress, 

the  length  of  the  semi-minor  axis  of  the  ellipse, 
a  function  of  the  ratio  of  the  semi-minor  to 
semi-major  axis  of  the  ellipse  (a/c) . 
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[sin20+ (a/c ) 2 


1/2 
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( C  —  2 ) 


where  I  denotes  that  an  integral  follows. 


Similarly,  the  threshold  stress  amplitude  for  the  case 
of  a  rounded  notch  was  calculated  by  using  Equation  C-l  with  an 
equation  developed  by  Barsom  (text  Ref.  12)  which  predicts  the 
fatigue-crack-initiation  threshold  for  a  specimen  containing  a 
notch  rather  than  a  crack: 


where 


th 
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*-K  =  the  total  range  of  the  cyclic  stress -intensity  factor 

calculated  by  setting  a  in  Equation  3  equal  to  the 
notch  depth, 

p  =  the  root  radius  of  the  notch, 
and  a  =  the  tensile  strength  of  the  material. 

For  the  present  case  both  the  notch  depth,  a,  and  the  root  radius 
of  the  notch,  o,  were  set  equal  to  half  the  narrowest  dimension 
of  the  imperfection.  The  effective  tensile  strength  in  the  plane 
of  the  imperfections  was  estimated  (text  Ref.  21)  from  the  hard¬ 
ness  readings  as  100  and  95  ksi  (690  and  655  MPa) ,  respectively, 
for  the  SMA  and  SAW  weldments. 
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Table  D-2  (Continued) 
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Appendix  E 


Bending  Stress  Modifications  to  Surface-Crack  K  Values 


The  K  values  for  the  surface-cracked  specimens  were 
modified  by  determining  the  bending  stress.  Section  8.252,  and 
using  an  equation  developed  by  Newman  (text  Ref.  52)  to  calcu¬ 
late  the  increase  in  K  at  the  crack  tip  due  to  the  bending  stress 
alone : 

Aa\  1/2 

K  =  H°b  U2J  F  <E-i> 

where 

H  =  a  function  of  the  crack  depth  to  specimen  thickness, 
a/t,  and  crack  depth  to  half  crack  length,  a/c,  ratio 
given  in  text  Ref.  52, 

0^  =  the  outer  fiber  bending  stress, 

=  a  function  of  the  a/c  ratio  as  shown  in  Equation  C-2, 
and  F  =  a  function  of  the  a/t  ratio  given  in  text  Ref.  52  ( fw 
given  in  text  Ref.  52  was  not  included  in  F) . 

The  increase  in  K  due  to  the  bending  stress  alone  ranged  from 
1.0  ksi/inch  (1.1  MPa^m) ,  or  2.3  percent  for  a  specimen  having 
a  crack  depth  equal  to  about  6  percent  of  the  thickness  to 
9.3  ksi/inch  (10.2  MPa/m) ,  or  30.3  percent  for  a  specimen  having 
a  crack  depth  equal  to  about  80  percent  of  the  thickness.  The 
crack-tip  K  levels,  including  the  contribution  from  bending,  are 
also  shown  in  Table  13. 


Because,  for  most  of  the  specimens,  the  fracture- 
initiation  site  could  be  traced  to  a  location  on  the  crack  front 
away  from  the  deepest  point,  the  K  levels  at  these  locations  were 
also  calculated.  A  modification  of  text  Equation  2  was  used  to 
calculate  the  tension  contribution  to  the  K  level, 
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where  o,  a,  i,  and  c  are  the  same  as  given  in  Equations  C-l 
and  C-2  and  0  is  found  by  using  the  formulaE“D 


P.  N.  Randall,  Discussion  in  Plane  Strain  Crack  Toughness 
Testing  of  High  Strength  Metallic  Materials,  ASTM  STP  410, 
American  Society  for  Testing  and  Materials,  Philadelphia, 
PA,  1967,  pp.  88-126. 
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0  =  sin  — 

where 

*  =  the  crack  depth  at  the  fracture-initiation  site, 

# 

The  bending  contribution  to  the  K  level  was  calculated 
by  interpolating  between  the  values  of  Newman's  (text  Ref.  52) 
solution  for  K  at  the  crack  tip  and  at  the  surface.  The  inter¬ 
polation  was  linear  based  on  the  value  of  0/2tt  where  0  is  given 
by  Equation  E-3  and  is  equal  to  zero  at  the  surface  and  t/2  at 
the  deepest  point  on  the  crack  front. 
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Table  S-l 

CVN  Energy  Absorption  and  Percent  Fibrous  Fracture 
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_ Temperature,  °F _ 

Distance  from  RT _  _ 0 _  -30 _  -60 

Bond  Line ,  mm  f t-lb  %  ft- lb  %  f t-lb  %  f t-lb  % 


1-1/2-Inch  SAW  (L61  Wire/880  Flux,  Normal  Heat  Input) (Continued) 
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Temperature ,  eF 
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